The role of proline as an osmolyte in stressed plants-Dynamic of biosynthesis and degradation- by 林 史夫

博士論文
The role of proline as an osmolyte in stressed plants 













      1-1. Defense systems against salt- and drought-stress in higher plants
      1-2. Proline accumulation in stressed plants and roles of the proline
      1-3. Proline metabolic pathway in higher plants
      1-4. ln this study
Chapter 2 Fluctuation of proline content under light/dark cycles in higher plants





                                              barley and wheat leaves
     2-2. Fluctuation of ProDH protein level under light/dark cycles in barley leaves
     2-3. 0scillation and regulation of proline content by P5CS and ProDH gene
          expressions in the light/dark cycles in Arabidopsis thaliana L.
     2-4. General discussion
Chapter3 Attempt at purification and characterization ofplant ProDH 46
     3-1. Partial purification of ProDH from barley shoots
     3-2. 0verexproduction ofArabidopsis thaliana ProDH in E.coli.
     3-3. General discussion
Chapter4 Different intracellular localization of P5CR-1 and P5CR-2 58
     4-1. Purification and characterization of P5CR isoenzymes, P5CR-1 and P5CR-2




  I wish to thank Professor Dr. Keishiro Wada who has patiently and unstintingly been
encouraging me by inspiring discussion and improving my poor English usage. I also
wish to thank Associate Professor Dr. Satoshi Hoshina and Ms. Yukika Sanada who
give their time to help me, and Professor Dr. Sho Sakurai and Professor Dr.Yoshihiro
Fukumori of Department of Biology, Kanazawa University who give a great deal of
valuable advice on my study. I am extremely thankfu1 to Dr. Kazuo Shinozaki, Lab. of
Piant Mol. Biol., the lnstitute of Physical and Chemical Reserch (RIKEN) for supplying
cDNAs and antibodies, and to Dr. Satoshi Iuchi and Dr. Tokihiko Nanjo of RIKEN and
Dr. Seiji Tsuzuki of Department of Biology, Kanazawa University for guiding the
techniques of molecular biology. I feel my special gratitude to Dr. Yasunori Oda, my
best friend of Department of Biology, Kanazawa University, for having helpfu1 and
delightful discussions each other. I am gratefu1 to members of this lab., especially IVir.























1-1. Defense systems against salt- and drought-stress in higher plants
  Plants are exposed to many environmental stresses including extremes of temperature,
flood-induced anaerobiosis, high irradiance and hyperosmotic stresses. Among these
stresses, hyperosmotic stress is caused by loss of water from cells under soil salinity
and drought conditions. Hyperosmotic stress gives rise to critical problems such as a
decline of turgor pressure, a decline of photosynthetic activity and a disturbance of
metabolic pathway. Consequently, plant growth and crop productivity are limited
(Boyer, 1982). To overcome the influence of hyperosmotic stress, plant has evolved
adaptive and defensive mechanisms which are classified into four categories (McCue
and Hanson, 1990) as follows.
  a) developmental traits (e.g. time of germination and flowering)
  b) structural traits (e.g. Ieaf waxiness and succulence)
  c) physiological mechanisms (e.g. the ability to exclude salt while maintaining the
    absorption of water and the ability to confine excess of ions within vacuole)
  d) metabolic responses (e.g. alteration in photosynthetic metabolism and the
    accumulation of compatible solutes)
Among these defense systems, we focused on the accumulation of compatible solutes.
The compatible solutes are, in general, low molecular-mass compounds giving a
tolerancy against salt- and drought-stresses to plants. Proline, glycinebetaine and a
certain carbohydrate (e.g. mannitol, sorbitol, inositol, glycerol and trehalose) are well-
known. The most principal role of the compatible solutes is osmotic adjustment of the
cells as an osmolyte. 'Ihese compounds accumulated in cytosol decrease cellular
osmotic potential and prevent loss of water. Many reports show a positive correlation
between accumulation of the compounds and adaptation to osmotic stress (Stewart and
Lee, 1974; Ahmad et al., 1979; Greenway and Setter, 1979; Weimberg and Lerner,
1982; Rhodes and Hanson, 1993).
  Recently, some genes being involved in these osmolyte synthesis have been isolated
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LTable 1-1. Transgenes involved in osmolyte accumulation
osmotic tolerance in plants "
which are already used in attempts to increase
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Lilius et al. (1996)
Hayashi et al. (1997)
Ishitani et al. (1995)
Kavi Kishor et al. (1995)
Tarczynski et al. (1992)
Karakas et al. (1997)
Holmstrom et al. (1996)
Romero et al. (1997)
Goddijn et al. (1997)
Smart & Flores (1997)
aAll studies involved transfomation of tabacco (Nicotiana tabacum).
bHigh levels of enzymatically active gene product were detected.
CLevels were not determined.
dintroduced into Airabidopsis thaliana
and plants transformed with these genes have been engineered. ln most cases, stress
tolerancy in the transgenic plants was actually improved to some extent (Table 1-1).
'Il)e additional roles of compatible solutes are to stabilize folded protein structure and
subcellular structure and to scavenge radicals and active oxygen species evolved in cells
(Smimoff N, 1995).
   Several features common to these compounds have been characterized as follows:
Ihey are highly soluble in water (Ballantyne and Chamberlin, 1994), and have no
deleterious effect to cell functions. Tliey are able to be synthesized from basic
metabolites by a few enzyme reactions and they are end-product of branched pathway
with some exceptions. in addition, as a critical feature, the synthesis and accumulation
of them must not affect intrinsic metabolisms in plants. Proline and glycinebetaine,
having permanent positive and negative charges on the N and COOH moieties at
neutral pH, respectively, are good examples.
5





ice plant : cell suspension culture
(Mesembryanthemum nodiflorum)
tobacco : cell suspension culture
(Nicotiana tabacum L.)




potato : cell suspension culture
(Solanum tuberosum L.)




        : bacteroids
        : cytosol
(Medicago sativa L.)
soybean : leaves







































          Treichel (1986)
       Binzel et ai. (1988)
      La Rosa et al. (1991)
Kr'yan & Shevyakova (1985)
        Szoke et al. (1992)
      Corcuera et al. (1989)
       Handa et al. (1986)
       Rhodes et al. (1986)
      Yoshiba et al. (1995)
     Fou'gere et al. (1991)
Moftah & Michel. (1987)
     Kohl et al. (1988)
 Munns et al. (1979)
Boggess et ai. (1976)
Igarashj et al. (1997)
   On the other hand, specific features of proline have been characterized as follows:
Proline is a protein-constitutive amino acid and a rather important constituent in the
formation of specific secondary structure. Moreover, proline can be rapidly degraded
afteT relief from the hyperosmotic stresses, although glycinebetaine is not degradable.
'Ilius, proline differs from other osmolytes in some features. Therefore, I will focus on
the investigation of proline and its role in my study.
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1-2. Proline accumuiation and its roles under hyperosmotic stress
   'Ihe correlation between proline accumulation and osmotolerance was firstly shown
in Salmonella oranienburg. The growth of S. oranienburg was repressed under
hyperosmotic conditions, but it was restored by the external addition of proline.
Measures (1975) demonstrated that a large amount of proline accumulated in the
bacterium grown under hyperosmotic conditions. Furthermore, it became evident that
overproduction of proline in the bacterium, which is caused by an altered feedback
inhibition of the proline biosynthetic pathway, could result in an increase of
osmotolerance (Csonka, 1981; Smith, 1985). From these results, it was concluded that
proline played a role as an osmoregulator and protected bacteria against hyperosmotic
stress.
     ln plants as well, a large amount of proline accumulates under hyperosmotic
conditions. Proline accumulation in a variety of plants, including cultured cells, have
been reported as summarized in Table 1-2. These reports predict that proline sustains
the osmotic balance between inside and outside of cells under stress. Thus, the
principal role of proline is an osmolyte. However, little contribution of proline as
osmolyte has been also reported (Bhaskaran et al., 1985; Perez-Alfocea and Larher,
1995; Lutts et al. 1996). Another role of accumulated proline have been suggested to
be a stabilizer of subcellular structures (Schobert and Tschesche, 1978), a stabilizer of
folded protein structures (Low, 1985), a scavenger of free radicals (Smirnoff and
Cltimbes, 1989; Saradhi et al., 1995), a stress-related signal (Werner and Finkelstein,
1995), a buffer against cellular redox potential (Hare et al., 1998) and a sink for energy,
nitrogen and carbon (Saradhi and Saradhi, 1991). The role as a sink is unique to
proline, because proline is easily converted to glutamic acid via the same intermediate
as the synthetic route.
   As shown in Table 1-2, there are so far many studies on the proline accumulation
and the role of the accumulated proline. There are, on the other hand, only few attempts
to demonstrate an importance of easy degradation when plants are relieved from





1-3. Pathways of proline metabolism in higher plants
    We have to know the pathway of proline metabolism to understand accumulation
and degradation of proline. ln this section, I will describe proline metabolic pathway.
A pathway of proline biosynthesis was first outlined in Escherichia coli more than 40
years ago (Vogel and Davis, 1952) and elucidated in 1987 (Leisinger). [he pathway in
bacteria is illustrated in Fig. 1-IA. Proline biosynthesis initiates with the
phosphorylation of glutamic acid by y-glutamyl kinase (y-GK), and glutamyl-y-
phosphate is reduced to glutamic-y-semialdehyde (GSA) by GSA dehydrogenase
(GSADH). Two enzymes, y-GK and GSADH, are encorded by separate genes and the
gene products have to form a complex to function. GSA is spontaneousiy converted to
Ai-pyrroline-5-carboxylic acid (P5C) by an intramolecular Shiffs base formation. P5C
is finally reduced to proline by P5C reductase (P5CR) with oxidation of NADPH.
   In higher plants, two pathways of proline biosynthesis have been demonstrated
(Delauney et al., 1993); the one is from glutamic acid and the other, from ornithine via
a common intem]ediate, P5C. Glutamate pathway is a main route under stressed and
limited nitrogen conditions, whereas ornithine pathway is prominent under sufficient
nitrogen (Delauney and Verma, 1993). The glutamate pathway in higher plants is
compared to the bacterial pathway in Fig. 1-IB. ln higher plants, the reaction from
glutamic acid to GSA is catalyzed by a bifunctional enzyme P5C synthetase (P5CS)
which includes both y-GK and GSADH activities (Hu et al., 1992). The terminal step is
catalyzed by P5CR as well as in bacteria. Genes encoding P5CS (Savoure et al., 1995;
Yoshiba et al., 1995; Igarashi et al., 1997; Strizhov et al., 1997) and P5CR (Delauney
and Verma, 1990; Williamson and Slocum, 1992; Verbruggen et al., 1993) have been
isolated from a variety of plants, so far. On the other hand, only P5CR has been
purified from barley seedlings (Krueger et al., 1986) but P5CS has not.
  The pathway of proline degradation has well studied in bacteria (Fig. 1-IA). Proline
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Figure 1-1. Pathways of proline biosynthesis and degradation in bacteria (A) and
higher plants (B)
FAD-dependent proline dehydrogenation (Scarpulla and Soffer, 1978; Menzel and
Roth, 1981b) and the subsequent step is an NADP-dependent P5C dehydrogenation.
These two activities are included in one bifunctional enzyme, which is named a Put A




and Leisinger, 1982) and E. coli (Brown and Wood, 1992). Genes encoding PutA have
been isolated from S. typhimurium (Allen et al., 1993) and E. coli (Ling et al., 1994).
   ln higher plants, two dehydrogenation reactions are catalyzed by separate enzymes,
proline dehydrogenase (ProDH) and P5C dehydrogenase (P5CDH) in mitochondria, as
shown in Fig. 1-IB. A gene for ProDH has been isolated from Arabidopsis thaliana by
Kiyosue et al. (1996). However, ProDH protein has not been isolated yet. On P5CDH,
whereas, the gene has not been isolated but the protein was purified from potato
cultured cells (Forlani et al., 1997a) and two isoforms were identified from tobacco
cultured cells (Forlani et al., 1997b). Thus, one gene, encording P5CDH, and two
enzymes, P5CS and ProDH, in the proline metabolism of higher plants are remained to
be isolated and characterized.
14. In this study
   Proline degradation after relief from the hyperosmotic stress has been often reported
so far. However, it has not been considered that proline level decreases under
hyperosmotic stress. At first, I examined the possibility for decrease of proline level
under any other conditions. Consequently, in leaves of several plants grown in the
light/dark cycles under salt-stressed conditions, proline level decreased in every dark
period and increased in every light period. This was a unique observation. It was
shown that the decrease of proline content was caused by proline degradation, not by
translocation of proline to a certain part of plants. I also clarified that the fiuctuation of
proline level was involved in the transcription levels of both P5CS and ProDH, which
were key enzymes on the pathways of proline synthesis and degradation (Chapter 2).
   To understand proline degradation well, I attempted to purify ProDH from barley
seedlings and the recombinant ProDH protein from the transforrned E. coli (Chapter 3).
    P5CR producing proline from P5C as shown in Fig. 1-1 has been purified and
characterized from barley seedlings (Krueger et al., 1986). Gene for the enzyme has
been isolated from a variety of plants (Delauney and Verma, 1990; Williamson and
Slocum, 1992; Verbruggen et al., 1993). Thus, the investigation about P5CR is the
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lmost advanced one of the four enzymes, although the dynamics of transcription and
enzyme activity level of P5CR under hyperosmotic stress is still under debate. I
purified two isoenzymes from spinach leaves with my colleague and named P5CR-1
and P5CR -2. We could show several differences in kinetic properties between P5CR-1
and P5CR -2 and localizations of both P5CR isoenzymes. These results may give us
some clues to a solution of the problem mentioned above. ln Chapter 4, I will describe
the differential distribution of P5CR-1 and P5CR-2.
  Finally, I will propose the role of proline as an osmolyte. Furthermore, I will refer to




Chapter 2 Fluctuation ofprotine content under
               tight/dark cyctes in higherplants
2-1. General fiuctuation of proline content in ice pEant, barley and vvheat leaves
   A facultative halophyte, ice plant, Mesembryanthemum crystallinum L., can grow
not only under normal conditions but also under high salinity conditions with shift from
the C3- to the CAM-mode at photosynthetic carbon metabolism (Hofner et al., 1987).
Proline accumulation in the leaves of M. crystallinum was observed after salt treatment
(Ostrem, 1987), and increase of proline level in light phases and decrease of proline
level in dark phases were preliminarily reported (Sanada et al., 1992).
   ln this section, quantitative determination is described for proline accumulation not
only in halophyte, M. crystallinum, but also in glycophytes, wheat and barley, under salt
stress conditions.
2-1-1 Experimentalresults
Effect of O.4 MNaCl stress on M. crystallinum
   Eight-week old M. ciystallinum plants were exposed to O.4 M NaCl stress at the
start of the light period. Phosphoenolpyruvate carboxylase (PEPCase) activity and
titratable acidity of the leaves, which are taken at every 8th hour from the start of light
or dark cycle, were measured (Fig. 2-IA). PEPCase activity became measurable at 4th
day and burst at 7th or 8th day after salt treatment and at the same time a light/dark
oscillation of acidity became clear (Fig. 2-IB). We confirmed that the shift to CAM
occurred at 5th or 6th day after salt treatment under the conditions we used.
Lightldarkfluctuation ofproline accumulation in M. crystallinum leaves
   As shown in Fig. 2-2, proline content in leaves was measured at the time schedule as
in Fig. 2-IB. Proline accumulation was observed earlier than sufficient emergence of
PEPCase activity and noctumal acid accumulation. Proline content increased in the
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Fi gure 2- 1 Fl uctuation of PEPCase
activity (A) and titratable acidity (B)
in 1eaves of M. crystaUinuin under
stressed (circle) and unstressed
(triangle) conditions. The salt
treatment was subjected at the start
of light cycle (O time). Samples
were taken at every 8th hour from
the start of light or dark cycle. Open
and closed circles indicate samples
in the light and in darkness,
respectively. Open paits and closed
parts in abscissa indicate the light
















content in leaves of M. cryslallinum
under stressed (circle) and
unstressed (triangle) conditions.
The broken line shows the proline
content of plants transferred to
continuous darkness. The sampling
details and symbols are the same as
in Fig. 2-1.
content was enhanced with each cycle, When some of the stressed plants at the fifth
dark cycle were transferred to continuous darkness, the proline level dropped and
reached nearly to the level obtained in the control plants during darkness. This









































proline content in leaves of
wheat (A) and barley (B) under
stressed (circle) and unstressed
(triangle) conditions. Wheat
seedlings were exposed to
O.1 15M NaCl stress at 8th hour
after the start of light cycle.
Barley seedlings were exposed
to O.2M NaCl stress at the start
of light cycle. The staning of
stress treatments is represented
as O time. The sampling details
and symbols are the same as in
Fig. 2-1.
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Figure2-4 Fluctuationof
glycine betaine content in
leaves of barley under stressed
(circle) and unstressed (triangle)
conditions. The sampling details




eand that proline accumulation was light-dependent.
Proline accumulation in wheat and barley leaves under salt stress conditions
   Proline accumulation and its light/dark oscillation were also demonstrated in wheat
and barley leaves of each seedlings treated with O.115 M and O.2 M NaCl stress,
respectively (Fig.2-3). Thus, the light/dark fluctuation of proline content was a
common phenomenon in both a facultative halophyte and glycophytes.
Relationship ofglycinebetaine andproline accumulation in barley leaves
   Wheat and barley leaves can accumulate both glycinebetaine and proline under salt
stress. It has been reported that accumulation of glycinebetaine is closely related to
hyperosmotic stress (Hanson and Hitz, 1982). However, the relationship between
proline and glycinebetaine accumulations is not clear. Fig. 2-4 shows the accumulation
of glycinebetaine in barley leaves under salt stress. The remarkable accumulation of
glycinebetaine was observed later than that of proline accumulatjon. A large decrease
of glycinebetaine content was not observed in dark periods unlike proline content. The
increase pattem of glycinebetaine content in wheat leaves is quite similar to that in
barley leaves (Takabe, personal communication, 1993).
2-1-2 Discussion
     We showed that the light/dark fluctuation of proline content is a common
phenomenon in both a facultative halophyte and glycophytes. These experiments
simply show increase and decrease of proline content in the leaves, and do not show a
cause of the fluctuation of proline level. The decrease of proline content may be
ascribed to translocation to other organs from leaves or degradation of proline. I
precisely measured proline content in each leaf, sheath and root of barley seedlings to
t-mvestigate the possibility of proline translocation from leaf to other organs and I will
describe that in the next section.
     Both proline and glycinebetaine are known as osmolytes. lnitiation of their





glycinebetaine. This difference suggests that proline has distinct roles from
glycinebetaine on an early response to salt stress.
2-1-3 MaterialsandMethods
Plant growth and sample harvesting
   Seeds of M. crystallinum were germinated in a mixture of soil and vermiculite in 1
to 1 ratio in a growth chamber. Plants were grown under a 12 h light/12 h dark cycle
and at 25eC and 170C, respectively. 'Ihe light intensity was 300 ptmol quanta/m2/s.
Relative humidity of a growth chamber was ranging from 50 to 609e. Plants were
watered daily with one-third Hoagland's nutrient solution. The 7- to 8-week old plants
were stressed by supplementing the ample nutrient solution with O.4 M NaCl. On the
fifth day after the start of NaCl stress, some plants were transferred to continuous
darkness in the growth chamber for 68 h (temperature cycle was kept at 250C for 12 h
and 170C for 12 h). Leaf disks (1.0 cm diameter) taken from the third or fourth leaf pair
using a cork borer were frozen in liquid nitrogen and stored at -800C until assayed
   Barley (Hordeum vulgare L. cv. Minorimugi) and wheat (Triticum aestivum L. cv.
Nambukomugi) seeds were soaked in tap water for 3 days. Then the germinated seeds
were grown on a plastic mesh plate covered with a layer of cheese-cloth in a flat vat
containing Hoagland's solution. Two- to three-week old barley plants were subjected to
O.2 M NaCl stress in Hoagland's solution at the beginning of light phase. Wheat
seedlings grown for two- to three-weeks were treated with O.115 M NaCl in one-third
Hoagland's solution (at 8th hour after beginning of the light phase) because strong
chlorosis occurred for three to four days in wheat plants stressed with O.138 M NaCl.
                            ,The other growth conditions for barley and wheat were the same as those for M.
crystallinum. The leaves from five plants were cut out, weighted and frozen in liquid
 .mtrogen and stored at -800C until assayed.
Extraction and analysis offree amino acids
      Leaf disks from M. crystallinum and leaves from barley and wheat were





min. 'Ihe heat-treated homogenates were cooled on ice and centrifuged at 9,OOO x g for
15 min. The supematant fraction was treated with TCA (final: 59o) and centrifuged
again. The resultant supernatant fraction was diluted with two volumes of water. Then,
free amino acid contents were measured by an amino acid analyzer (IRICA, Kyoto,
Japan)
Extraction and assay ofPEPCase
   PEPCase was extracted according to the method of Watanabe et al. (1992), and was
assayed by monitoring the absorbance change at 340 nm, according to the method of
Maruyama et al. (1966).
Acid titration ofleaf
    Titratable activity was measured according to the method of Sanada and Nishida
(1982).
Extraction and determination ofglycinebetaine
    Sulfuric acid was added to a homogenate of barley leaves prepared with two
volumes of distilled water to make a final concentration of O.5 M. 'Ihe homogenate was
shaken for 18 h at 25eC and centrifuged at 1,OOO x g for 10 min. The precipitate was
resuspend in O.5 M sulfuric acid and recentrifuged under the same conditions. This
process was repeated three times and combined supernatant fractions were used for the
determination of glycinebetaine according to the method of Arakawa et al. (1990) using
a 400 MHz NMR spectrometer JNM-GX 400 (JEOL DATUM, Tokyo, Japan). t-
Butanol (2-methyl-2-propanol) was used as an internal standard.
2-2. Fluctuation of ProDH protein levell under light/dark cycles in barRey leaves
  TWo possibilities were considered on the decrease of proline content in barley leaves
in darkness. One is a translocation to other organs and another is a degradation of










Light/darkfluctuation ofproline content in each organ
   Proline contents in the first, the second, and the third leaves, sheaths and roots were
monitored for six days (Fig. 2-5). No proline accumulation was observed in all organs
of the barley seedlings grown under unstressed conditions. At 8 h after the start of the
salt treatment (lst-day light 8 h), proline accumulated by approximate O.5 ymollg fr.wt.
in all organs. During the subsequent darkness, proline level did not change in all
leaves, but increased in sheaths and roots. The oscillation of proline content in the
light/dark cycles was fu11y observed in the first leaf and sheath between the 3rd and the
5th day. ln the first leaf, proline level gradually increased with the light/dark oscillation
of the content. On the other hand, the proline content in the sheath was nearly constant
after the 56th h of salt treatment. Proline dominantly accumulated in the first leaf, and
the extent of the light/dark oscillation of proline content was larger in the first leaf than
in the second and the third leaves. The proline accumulation in the root was the
smallest in all organs of the plants, and the fluctuation of the proline content was
scarcely observed through the monitored period.
   If values of the proline content (pmiol/g fr.wt.) in Fig. 2-5 were transferred to values
of pmol/organ, the contents in each organ in light cycle at the 3rd day (56 h treatment)
were O.62 ymol/organ for the first, O.35 for the second, O.20 for the third leaves, 1.70
for sheath and O.46 for root. 'Ilie total amount of proline per plant was 3.33 pamol.
Similarly, proline content in subsequent darkness, 3rd day (68 h treatment), were O.37
pmol/organ for the first, O.13 for the second, O.15 for the third leaves, 1.48 for sheath
and O.34 for root. The total amount of proline per plant was 2.47 ,"mol. 'Ilius, it was
confirmed that a part of proline, which accumulated during the light cycle, degraded
during subsequent darkness.
  Thus, it was concluded that the decrease of proline content in the leaves during
darkness was caused by the degradation but not translocation.
18
e2nd leaf
3rd leaf 1 st leaf
      A
      }
      e
.$biili.:.,.1//1.I,'l
.E.)v,,:i:;,/:•;t",,,...,.Sheath
    ..,...-.:"l,,/!"• kii' --t:-•tr,..
..:.r,::"tt
 :::"'' ;i/ .;:" }"t, "':: k'?- s...hi..-
    ,i' ;' 'l,i :. '' "+S"""k -..,
   -t)
        JL{





content in the first, the second, the
third leaves, sheaths and roots of barley
seedlings understressed conditions.
The growth conditions, stress treatment
and harvesting schedule were the same











































Antiserum recognizing barley ProDH
  It was considered that decrease of proline content was caused by ProDH. Therefore,
to know whether a fluctuation of ProDH affects proline level, I firstly investigated the
dynamics of ProDH level in barley leaves by immunoblotting. Since gene encoding
ProDH of higher plants had not been isolated yet at that time, antiserum was raised
19
lagainst the synthesized peptide, which was designed based on the deduced amino acid
sequence of the conserved region of yeast PUTI gene (Wang and Brandriss, 1987), as
shown in Fig. 2-6. Recently, ERD5 gene encoding ProDH was isolated from
/irabidopsis by Kiyosue et al. (1996), and the presence of the conserved region was
confirmed (Fig. 2-6). The obtained antiserum was named anti-PUTIfrg antiserum.
    wnether anti-PUTIfrg antiserum recognizes barley ProDH protein, four tests were
canied out to demonstrate. The first was the relationship between the level of ProDH
protein and proline content after relief from hyperosmotic stress. Kiyosue (1996)
reported that ProDH mRNA was remarkably transcribed and the proline content
decreased after Arabidopsis was relieved from drought stress by rehydration. This
result implied that the level of ProDH protein also increased by rehydation treatment. It
was anticipated that the same thing happened in barley leaves. Therefore, ProDH
protein level and proline content under stressed conditions were compared with these
under the subsequent unstressed conditions (Fig. 2-7). In barley leaves relieved from
salt stress, decrease of proline content and the prominent accumulation of the 60 kl)a
protein were observed simultaneously. As the second test, it was confirmed that the
60kl)a protein was present in mitochondrion (Fig. 2-10, details will be described
below). As the third test, the 60kDa protein was adsorved by Proline-Sepharose 4B
(this affinity carrier will be described in Chapter 3-1.) As the last test, it was confirmed
that anti-PUTIfrg antiserum reacts with the recombinant protein of Arabidopsis ProDH
synthesized peptide KLGLKLVRGAYrHSEKNRN9
S.cerevisiae Putl 317 KLGIJKLVRGAY,IHSEKNRNQ
D.melanogaster SlgA 592 1 1;GAKLVRGAYMDQERDRAK
E.coli PutA 425 PVMrRLVKGAYWDSE]JNARK
A.thaliana ERD5 34O PMGFKLVRGAYMSSERSLAD
Figure 2-6 The amino acid sequence of synthesized peptide and partial sequence alignment of S.
cerevisiae, D. inelanosaster, E. coti and A. thati.ana. Conserved residues among at least two
species are represented with bold letters. The numbers after gene names represent a location of the
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Figure 2-7 FEuctuation of ProDH level (top
panel) and proline content (bottom panel).
Middle panel shows the relative fluctuation of the
ProDH level with densitometer. Barley seedrings
as shown in Fig. 2-2 were exposed to O.2M NaCl
stress. After 76 h (4th day and light 4th h), the
seedlings were transferred to unstressed
conditions and proline and ProDH protein in the
first leaves were determined. n=4
(this protein will be described in Chapter 3-2). From these results,
anti-PUTIfrg antiserum recognized the barley ProDH.
it was suggested that
Fluctuation ofproline content and ProDH level in the light/dark cycles in barley leaves
 The fluctuation of proline content in the first leaves of barley seedlings was monitored
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Figure 2-8 Fluctuation of ProDH level (top
panel) and proline content (bottom panel).
Middle panel shows the relative fluctuation of the
ProDH level with densitometer. Barley seedrings
as shown in Fig. 2-2 were exposed to O.2M NaCl
stress at O h. Proline and protein were prepared
from the first leaves. n=4
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p2-5. The increase of proline content was induced by stress treatment and accelerated by
the subsequent stress treatment with light/dark oscillation of the content. On the other
hand, the ProDH levels decreased in every light period and increased in every dark
period. Thus, the oscillation of proline content appears to be involved in the oscillation
of ProDH protein level. Unexpectedly, the oscillation of ProDH level was observed
even under unstressed conditions, although proline content was not altered. This
oscillation under unstressed conditions was commonly observed in the first leaves of
the same growth stage of barley seedlings (Data not shown).
Isolation ofmitochondria and 7]LCfor ProDH assay
   It was shown that the decrease of proline content was involved in the increase of
ProDH level. So, does ProDH activity fluctuate in the light/dark cycles? I tried
measurment of ProDH activity using isolated mitochondrial fraction, because the
localization of ProDH in mitochondria was reported (Boggess and Koeppe, 1978;
Elthon and Stewart, 1981; Sells and Koeppe, 1981; Elthon and Stewart, 1982).
   The crude mitochondrial fraction, which was contaminated with small fraction of
thylakoid fragments and microbodies, was prepared from barley leaves, and was
applied to discontinuous Percoll gradient (5, 28, 45 and 60 %) centrifugation to isolate
pure mitochondria. Judging from the distributions of Cytc oxidase activity and
chlorophyll content in Fig. 2-9, the pure mitochondria were sedimented around the
interface between 289o and 459o Percoll. The intactness of the pure mitochondria was
estimated to be 93 -- 989o from the Cytc oxidase assay. The localization on ProDH in
the mitochondria was confirmed by immunoblotting (Fig. 2-10). Furthermore, ProDH
level was different between in the light and in darkness.
  For ProDH assay, the crude or pure mitochondrial fraction was incubated with DPIP
(electron acceptor), PMS (electron canier), MgC12 and [U-'"C]proline in Tris-HCI
buffer. Subsequently, an aliquot of the reaction mixtures was applied to TLC to
identify the reaction product, P5C. However, the product (P5C) could not be detected
(Fig.2-11). Even if the kinds of reaction component, such as electron acceptor, electron
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Figure2-9 Preparationofpuremitochondrial
fraction. The crude mitochondria were applied
to the discontinuous Percoll gradient. The left
figure shows the aspect after the centrifugation.
The right panel shows the distribution of
chlorophyll (closed circle) and Cyt e oxidase




























































mitochondria. Proteins from the disrupted
mitochondria was applied to SDS-PAGE and
stained wjth CBB (A). Immunoblotting with
the antiserum was visualized by DAB method
(B). The arrow head indicates ProDH position
and star mark indicates BSA position.
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Fi gure 2- 1 1 Assay of ProDH acti vi ty by
TLCusing[U-i`C]proline TennCiof
reaction mixture was spotted and developed.
Lane 1 is a [U-iÅé]glutamic acid. Lanes 2, 5
and 14 are [U-iÅé]proline. P5C was detected
by the reverse activity by P5CR at pH 10 with
NAD (lane 4) and not without NAD (lane 3).
ProDH enzyme assay was carried out using
crude mitochondrial fractions (lanes 6 to 9) or
pure mitochondrial fractions (lanes 10 to 13) .
The crude mitochondria and the pure
mitochondria were isolated from leaves of
barley seedlings in light (6 and 10) or
darkness (7 and 11) under unstressed
conditions, and in light (8 and 12) or darkness





Although the presence of ProDH was confirmed in the pure mitochondrial fractions
(Fig.2-10), it was unsuccessful to detect ProDH activity.
2-2-2 Discussion
7he nocrnrnal decrease ofproline content in leaves was not due to the translocation
into other organs
   On the decrease of proline content in the leaves during darkness, two possibilities,
translocation and degradation, were considered. The significance of a translocation
may be to supply proline synthesized in photosynthetjc tissues to roots firstly exposed
to the stress. If the accumulated proline is metabolized in darkness, proline may have
another role.
  To examine proline translocation, proline contents were determined in each organ of
barley seedlings (Fig. 2-5). As leaves are getting older, the oscillation of pToline
content in the light/dark cycles became clearer. On the other hand, roots accumulated
only a small amount of proline both in light and in dark period. Weimberg et al. (1982)
showed that proline did not accumulate in the roots of Sorghum bicolor in light
conditions, and I also demonstrated that proline did not accumulate in roots in darkness.
From the result of Fig. 2-5, the translocation of proline in the light/dark cycles can be
ruled out and the degradation of proline in darkness was strongly suggested.
7he possibility ofproline degradation by ProDH in darkness
   There are four possibilities for the cause of the decrease of accumulated proline in
darkness. The first was incorporation into protein. However, it is unreasonable that
such proline fiuctuation is ascribed to consumption for protein synthesis. The second
was conversion to D-proline by amino acid racemase. Fortunately, in the column
(IRICA, SCX-1005) of the amino acid analyzer we used, L-proline and D-proline can
not be separated. ']herefore, decrease of proline level in this study represents decrease
of L- and D-proline. It is also unlike to suppose a high activity of proline racemase.
The third is degradation to P5C by the reverse reaction of P5CR. 'Ihis reaction is only





proDH. Boggess and Koeppe showed the proline-dependent 02 uptake in mitochondria
from etiolated shoots of corn, wheat, barley, soybean and mung bean (1978). Elthon
and Stewart demonstrated that the proline-degrading enzyme bound to the matrix side
of the imer mitochondrial membrane and that the activity was associated with the
respiratory chain (1981), and they defined the enzyme as ProDH with FAD (1982).
Kiyosue et al. (1996) confirmed a localization of ProDH by an antiserum (the antiserum
utilized in section 3.). The unequivocal ProDH activity has not been demonstrated as
the solubilized form of ProDH from higher plants. However, the proline conversion to
P5C by ProDH is most probable.
   To investigate the correlation between proline level and ProDH level, anti-PUTIfrg
antiserum was raised against the synthetic peptide, which included a conserved region
comparing ProDH related genes from some organisms (Fig. 2-6). From four
examinations described in results, it was strongly suggested that the 60kDa protein
recognized by anti-PUTIfrg antiserum is ProDH.
    Using anti-PUTIfrg antiserum, the oscillation of ProDH level in the light/dark
cycles under salt stress conditions was observed (Fig. 2-8). Thus, it was suggested that
there was a reasonable reverse correlation between the proline level and the ProDH
level, and that the decrease of proline content was involved in the increase of ProDH
    .proteln.
JWzy was ProDH activiry undetectable 2
    It is important to determine the ProDH activities in the light and dark phases. I
employed [U-'"C]proline for ProDH assay. However, it was unsuccessfu1 (Fig. 2--11).
As a reason for undetectable ProDH activity, a complex formation between ProDH and
another components is considered. ln early studies, ProDH activity was measured by
monitoring oxygen consumption coupled with respiratory chain in isolated
mitochondria (Elthon and Stewart 1981 and 1982). Bacterial Put A protein ordinarily
binds DNA to repress Put A gene expression and needs an association with respiratory
chain for emergence of ProDH activity. It is considered that respiratory chain is one of





Roth 1981a and b). 'Ihe sequential reaction from proline to glutamic acid via P5C may
be critical for ProDH activity. ProDH is similar to succinate-quinone reductase (SQR)
because of similarities in the P/O ratio, the inhibition by rotenone and binding an FAD
(Elthon and Stewart, 1981 and 1982). SQR forms a complex with some subunits
(Hagerhall 1997). Especially, the iron-sulfur protein is essential for the activity. It is
possible, therefore, that iron-sulfur protein may be demanded for ProDH activity. If the
complex forrnation mentioned above is imperfect, ProDH would lose the integrity
                e-.expressmg own actlvlty.
2-2-3 MateriaRsandMethods
Barley growth and harvesting
   Barley (Hordeum vulgare L. cv. Minorimugi) seeds were soaked in tap water for 3
days. Then the germinated seeds were sowing on urethane floats in vats containing
Hoagland's solution. Barley plants were grown under a 12 h light/12 h dark cycle and
at 250C and 200C, respectively: The light intensity and relative humidity are 300 ptmol
quanta/m2/s and 35 to 459e, respectively. About three-week old barley plants were
subjected to O.2 M NaCl stress in Hoagland's solution at the beginning of light phase.
For the experiment of Fig. 2-5, each organ was separated as shown in the figure and
weighted immediately. The organs were frozen in liquid nitrogen and stored at -800C
until assay. For the experiment of Fig. 2-7, barley seedlings, which were treated with
NaCl in the same manner as in Fig. 2-5, were transferred into Hoagland's solution
without NaCl at the 8th hour after beginning of the light phase of the 4th day. The first
leaves were taken and frozen in liquid nitrogen and stored at -800C until assay. For the
expcriment of Fig. 2-8, the treatments were the same as in Fig. 2-5, except that the
shoots were harvested. For the experiment of Fig. 2-9 and -10, barley seedlings were
treated with NaCl in the same manner as in Fig. 2-5, and the first leaf of 4th day
seedlings were immediately applied to an isolation of mitochondria.
Extraction offree amino acids andpreparation ofproteinfraction for SDS-PAGE
   The leaves from barley were homogenized with 5 mL of cold homogenizing buffer






consisting of Tris-HCI buffer (pH 7.5), 5 mM EDTA, 10% glycerol (v/v), O.19o 2-
mercaptoethanol (v/v). Five hundred paL of the homogenate were applied to the
preparation of free amino acids. The homogenate was boiled for 6 min and centrifuged
at 17,OOO x g for 10 min. The supematant fraction was treated with TCA (final: 59o)
and centrifuged again. The resultant supernatant fraction was diluted with two volumes
of water. Then, free amino acid content was measured by an amino acid analyzer
(IRICA, Kyoto, Japan)
   For preparation of protein fraction for SDS-PAGE, to 450 paL of the homogenate
was added a saturated solution of ammonium sulfate to give 30qo saturation. After the
incubation for 30 min, the mixture was centrifuged at 40,OOO x g for 20 min. To the
resultant supernatant was added the ammonium sulfate solution to give 509o saturation.
The precipitate was sedimented by centrifugation at 40,OOO x g for 20 min. The pellet
was resuspended with 20 mM Tris-HCI buffer containing 5 mM EDTA, and dialyzed
against the same buffer. 'Ihe dialyzate was centrifuged at 17,OOO x g for 10 min, and
the supernatant was applied to SDS-PAGE. The preparation of protein fraction was
carried out at 40C.
SDS-PA GE and immunoblotting
   Protein concentration was determined by the method of Bradford (1976). Thirty ptg
of soluble proteins were applied to SDS-PAGE (Laemmli, 1970) and blotted onto a
polyvinylidene difluoride (PVDF) membrane by the method of Aoki and Wada (1996).
The membrane was agitated in TBS containing 5% non-fat milk for 30 min and then
incubated with the anti-PUTIfrg antiserum in fresh TBS containing 59o non-fat milk at
300C for 1h (for Fig. 2-7 and -8) or overnight (for Fig. 2-10). The membrane was
washed with TBS and then incubated with horseradish-peroxidase-conjugated Protein A
(ZYMED) in the fresh 'IBS containing 59o non-fat milk at 300C for 1 h. Visualization
of immunoblots was canied out using the enhanced chemoluminescence detection
(ECL) system (Amersham) according to the manufacturer's instructions (for Fig. 2-7
and -8) or using O.04% (wlv) of DAB solution and appropriate volume of 30% of






















     The mitochondrial fraction from green leaves of the stressed and the unstressed
barley plants was prepared by the methods of Jolivet et al. (1990), and Yamaya et al.
(1984) with some modifications. The leaves (ca. 50 g) were cut into pieces in 400 mL
of cold homogenizing buffer consisting of O.4 M mannitol, O.1 M Hepes-KOH buffer
(pH 7.5), 1 mM EDTA, O.19o (w/v) fatty acid-free BSA and O.69o (w/v) insoluble PVP.
The leaves were homogenized for 1 sec 4 times at the fu11 speed in a blender. The
homogenate was passed through four layers of gauze and centrifuged at 1000 x g for 10
min to eliminate debris, starch, chloroplasts and aggregated organelles. The supernatant
was centrifuged at 10000 x g for 15 min, and the precipitate was gently suspended in 3
mL of the suspending buffer containing O.3 M mannitol, 20 mM Hepes-KOH buffer
(pH 7.5) and O.19e (w/v) fatty acid-free BSA. It was then overlaid on the top ofa
discontinuous Percoll gradient, which was comprised of 1 mL 60qo (v/v), 2 mL of 459o
(v/v), 5 mL of 289o (v/v), 2 mL of 5% (v/v) Percoll. Each Percoll solution contained
O.25 M sucrose, 20 mL Hepes-KOH buffer (pH 7.5) and O.19o (w/v) fatty acid-free
BSA. It was centrifuged at 30000 x g for 30 minutes in an ultracentrifuge (Hitachi,
model SCP70H, equipped with Swing-Rotor RPS40T), and fractionated from the top.
After determinations of Cyt.c oxidase activity and chlorophyll content in each fraction,
the fraction with high Cyt.c oxidase activity and less chlorophyll content was collected.
'Ihe fraction was diluted 10-fold with the suspending buffer without BSA, and
centrifuged at 15000 x g for 20 min to remove Percoll and BSA. The pellet was
resuspended in a small volume of the suspending buffer without BSA.
Cytochrome c (ixidase Assay
     Cyt c oxidase activity (EC 1.9.3.1) was assayed by according to the method of
Bergman et al. (1980) with minor modifications. 'Ihe oxidation of 30 paM reduced Cyt
c was monitored by the absorbance decrease at 550 nm in 60 mM Na-phosphate buffer
(pH 6.8) containing O.03% (v/v) Triton X-100 for ruptured mitochondria, and







Cyt c was reduced with Na2S204 and desalted with a Sephadex G-25 (coarse, Amersham
Pharmacia Biotech Co. Ltd.) column (Åë 1.5 x 25 cm). The milli-molar extinction










   Chlorophyll was detemiined by the method of Arnon (1949).
7]LC for ProDH assay
    To detect ProDH activity, the method of Zhang et al. (1995) was referred. The
reaction mixture contained the following in a final volume of 20 pa1 at pH 7.5: 20 mM
Tris-HCI, 10 mM MgC12, O.1 paCi of [U-i"C]proline (DuPont NEN), and crude
mitochondria or pure mitochondria. The reaction mixture was incubated at 300C for 60
min and then chilled on ice. An aliquot (2 pt1) of the reaction mixture was resolved by
TLC on a Silica gel 60 (MERCK). The Silica gel plate was developed with a 759o of
phenol in the chamber saturated with phenol vapour. After development the gel was
dried, wrapped and analyzed on an image analyzer (BAS 1000). To determine the Rf
value of P5C, the reverse reaction (from proline to P5C) by P5CR was canied out
according the method of Rena and Splittstoesser (1975) with minor modifications.
P5CR protein partially purified according the method described in Chapter 4. P5CR
and O.1 ptCi of [U-i`C]proline were incubated with or without 10 mM NAD' in 40 mM
bicarbonate buffer (pH 10.3).
2-3. 0sciRlation and regulation of proline content by P5CS and ProDH gene
  expressions in the light/dark cycles in Arabidopsis thaliana L
  It became clear that the decrease of proline content in darkness was caused by own
degradation and was involved in the increase in ProDH protein level. Is the increase of












do levels of protein and mRNA of P5CS decrease in darkness? To solve these
problems, Arabidopsis was adopted, because genes encoding P5CS and ProDH have
been isolated already. ln this section, fluctuations of mRNA and protein levels of
P5CS and ProDH in the cycles of light and dark. Similarly, fluctuations of them under
continuous light and darkness were also demonstrated.
2-3-1 Experimentalresults
Oscillation ofproline content in light/dark cycles
   in Arabidopsis exposed to salt stress, proline content increased during the first light
period and approximately 70% of the accumulated proline decreased during the
subsequent dark period, as shown in Fig. 2-12a. Tlie increase and following decrease of
proline content were observed with every period of light and dark. The accumulation
level of proline gradually increased with each oscillation after that. At the end of 3rd
light period under stressed conditions, proline content are 3 to 5 times as high as that
under the unstressed conditions. However, the regular oscillation of proline level was
scarcely observed at 80 h after the plant was transferred to the stressed conditions (data
not shown).
  'Ihe oscillation of proline level in the light/dark cycles was observed even under
unstressed conditions, although the oscillation amplitude under the unstressed
conditions was much less than that under the stressed conditions. Such an oscillation in
the light/dark cycles was also observed in the levels of some other amino acids, alanine
and aspanic acid (Fig. 2-12 b and c). The oscillation of aspartic acid showed a reverse
relationship compared to proline and alanine. Aspartic acid level decreased in the light
and increased in the dark. 'Ilie oscillation amplitude of alanine and aspartic acid levels
appeared to be irrespective of salt stress (Fig. 2-12 b and c). Tlie same oscillation
pattern as with asparatic acid was observed with asparagine but the levels were low as
shown in Fig. 2-12 b. Glutamic acid levels were high and fluctuated irregularly under
both stressed and unstressed conditions (Fig. 2-12 c). No evidence of an intermediate
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Figure 2-12 Fluctuations in the contents of proline (a and d), aspartic acid, aspargine (b and e),
glutamic acid and alanine (c and D. Plants were transferred to O.2 M NaCl stressed conditions (a, b and
c) or continueus light or dark conditions (d, e and D at the start of the light period, represented as time
O• Open and closed circles indicate samples in the light and in darkness, respectively. Open segments









    Plants, which were grown in the light/dark cycles, were transferred to continuous
light and dark conditions without salt stress. Proline level of the plants, which were
transferred to the continuous light conditions, was sustained with a slight oscillation
despite a large standard deviation (Fig. 2-12 d). Proline levels of the plants transferred
to the continuous dark conditions became the undetectable within 20 h. Aspartic acid
levels under the continuous light conditions decreased after a transient increase. Under
the continuous dark conditions, it decreased for 44 h and then increased by the same
level as that the continuous light (Fig. 2-12 e). 'lhe fluctuation in alanine content
showed a similar pattern to that of proline, as shown in Fig. 2-12 f. A unique
movement in glutamic acid level was observed in plants transferred to the continuous
light or dark conditions. The transfer to the continuous light conditions of plants
gradually decreased glutamic acid levels. On the other hand, the transfer to the
continuous dark conditions rapidly decreased it for 32 h and then abruptly increased,
exceeding the level under the continuous light conditions, as shown in Fig. 2-12 f.
Expression ofP5CS and ProDH genes.
  Fig. 2-13 shows expression pattems of P5CS and ProDH genes and tmmunoblots of
P5CS and ProDH proteins in the light/dark cycles. Under the unstressed conditions, the
P5CS gene was much strongly expressed during the light periods and hardly expressed
during the dark periods. Under the stressed conditions, the P5CS gene expression
became to be clearly observed even in the dark periods. ProDH gene expression
showed a reciprocal pattern compared with P5CS gene expression. ProDH gene
expression was very clearly observed in the dark but was scarcely observed in the light
periods under unstressed conditions. ProDH gene expression under stressed conditions
gradually diminished in the light and even dark periods. As shown in Fig. 2-13B,
protein expressions were almost synchronized with their gene expressions. NaCl stress
stimulated the synthesis of P5CS protein. Light/dark difference in protein levels of
P5CS and ProDH become more evident with time.
     Fig. 2-14 shows the effect on the expression of P5CS and ProDH genes of
transferring of plants grown in the Iight/dark cycles to continuous light or dark
32
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Figure 2-13 Fluctuations in the mRNA levels (A) and in the protein levels (B) of
P5CS and ProDH under unstressed and stressed conditions. L and D indicate samples
in the light and dark periods, respectively.
conditions. P5CS gene expression seemed to be slowly up-regulated in the continuous
light conditions with time. In the continuous dark conditions, it apparently stopped.
We could not observe any expression of ProDH gene in the continuous light conditions,
but observed a gradual up-regulation of ProDH gene expression in the continuous dark
conditions.
 Immunoblot with anti-P5CS antibody, on the other hand, showed a steady increase of
P5CS protein as well as P5CS mRNA in the continuous light conditions (Fig. 2-14B).
However, relatively fast decay of P5CS protein in the continuous dark conditions was
observed. Unlike ProDH mRNA, ProDH protein levels remained steady for a long
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         Fluctuations in the mRNA levels (A) and in the protein levels (B) of P5CS and ProDH
in continuous light or continuous darkness under the unstressed conditions. L and D indicate samples
in the light and dark periods, respectively.
period of time and gradually declined under the continuous light conditions. Under the
continuous dark conditions, ProDH protein was sustained at a very high level. These
behaviors of P5CS protein under continuous darkness and of ProDH protein under
continuous light clearly demonstrated the stability of each protein in these conditions in
vivo.
Relative water content andproline accumulation
   Relative humidity (RH) was monitored in the growth chamber and the relative water
content (RWC) was determined in plant shoots. Where the RHs oscillated between 34
to 429o during light and dark periods, the RWCs oscillated from 90 to 97qo (Fig. 2-15).
At the same time, proline accumulated and it's level oscillated as well. When the RH in
the growth chamber increased considerably, the RWC of plants grown under the
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Figure 2-15 Fluctuation of RH in the growth chamber and RWC ofArabidopsis shoot. RHs in thc
lightldark cycles is represented as closed circles. RHs in continuous light and darlmess represent as
open and gray circles, respectively. RWCs in the light and dark periods are represented as open and







































/ Figure 2-16 Fluctuation of anthocyanin content inArabidopsis shoots. 2Amthocyanin contents
(arbitrary unit) in Arabidopsis shoots in the light and dark periods are represented as open and
closed segments in the abscissa, respectively. Triangles indicate samples under the stressed
conditions. The value first measured in the light period under the unstressed conditions was used




inversely smaller. Over 909o RH, little proline accumulated and no oscillation was
observed (Data not shown). The RHs under continuous light and dark under the
unstressed conditions were approximately 34 and 42qo, which corresponded to light and
dark periods, respectively.
Accumulation ofanthocyanin
    Accumulation of anthocyanin in vegetative tissue is an index of metabolic
disturbance by high light intensity. Anthocyanin accumulated to remarkable level in
plants that were transferred to the continuous light conditions, as shown in Fig. 2-16.
Under continuous dark conditions, on the other hand, the anthocyanin content gradually
declined in most plant shoots. Anthocyanin content oscillated in the light/dark cycles,
irrespective of stress conditions.
2-3-2 Discussion
7JPte fluctuation ofproline content
   Although Arabidopsis is usually grown under the continuous light conditions, in this
experiment Arabidopsis was grown in cycles of light and darkness. This is the first
report on the fluctuation of proline content inArabidopsis in the light/dark cycles.
   We observed increases and decreases of proline content in Arabidopsis in light and
dark periods, respectively, both under unstressed and stressed conditions. The
oscillation was more obvious in the stressed conditions than in the unstressed
conditions, as shown in Fig. 2-12a.
  As shown in Fig. 2-13A, P5CS and ProDH genes were reciprocally expressed under
light/dark conditions. Peng et al. (1996) demonstrated a good correspondence between
the fiuctuations of measured proline contents and estimates from P5CS and ProDH gene
expression levels. Furthermore, many reports indicated the correlation between proline
accumulation and P5CS gene expression as well as proline degradation and ProDH
gene expression (Yoshiba et al., 1995; Kiyosue et al., 1996). Together with these
reports, we concluded that proline content increased and decreased under light and dark
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periods, respectively, and that the oscillation was also reflected in P5CS and ProDH
gene expression levels.
  Protein expressions of P5CS and ProDH were mostly synchronized with their gene
expressions (Fig. 2-13). However, the fiuctuation in P5CS and ProDH protein levels
under the light/dark conditions was not as significant as that of P5CS and ProDH
mRNA levels. Furthermore, both P5CS and ProDH proteins were still detected even
when their mRNA levels were undetectable, since both proteins are more stable in vivo
than their mRNAs, as was described earlier. Therefore, P5CS and ProDH gene
expression levels did not directly affect proline content.
  Most serious matter to be clarified is a fluctuation in P5CS and ProDH activities. [U-
'` C] glutamic acid and [U-i`C] proline were adopted as substrates. No conclusive results
could be obtained (Data not shown). P5CS activity has been shown in the recombinant
protein of 17igna P5CS and was inhibited by mixing with root extract (Zhang et al.,
1995). On the other hand, Rayapati and Stewart succeeded in detecting ProDH actitviy
and solubilizing ProDH from mitochondria. However, the ProDH activity was lost in
the subsequent purification step (1991). ProDH has not been purified in higher plants
and its properties, not clear, so far.
Fluctuation ofproline level andprotein and mRNA levels ofP5CS and ProDH under
continuous light and darkness
     Arabidopsis grown in the light/dark cycles were transferred to conditions of
continuous light and darkness, and proline content was measured. Under continuous
light, proline content remained 2 to 3 ptmol/g fr. wt. with slight oscillations. The large
dispersion of proline content (Fig. 2-12 d) may be ascribed to the metabolic disturbance
by photo damage because anthocyanin, which accumulates in vegetative tissue under
some environmental stresses, especially high light intensity, gradually accumulated in
continuous light (Fig. 2-16). The P5CS gene was constantly expressed, whereas ProDH
gene was hardly at all expressed under continuous light conditions (Fig. 2-14).
   When P5CS 'gene expression is apparently stopped under the continuous dark
conditions, its protein is still detected until 32 h, confirming the stability of P5CS
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protein. ProDH mRNA was detected only faintly at 8 h after transfer to the continuous
dark conditions and then gradually increased. Proline content is reasonably explained
by the fluctuation of P5CS and ProDH gene expression via their protein expressions, as
shown in Fig. 2-14. When plants are adapted to darkness foratime, some kind of
amino acids is known to be degraded as an energy source. Alanine, glutamic acid and
aspartic acid are easily metabolized to organic acids as members of the TCA cycle.
These amino acid contents decreased under continuous darkness, as shown in Fig. 2-12.
The decrease of proline, which is metabolized to glutamic acid by a two-step reaction,
suggests that proline is a very efficient energy source under the continuous dark
conditions. We can not explain the respective rises of aspartic acid and glutamic acid
contents after 44 and 32 h (Fig. 2-12 e and f) at present. We can therefore conclude
from these results that the oscillation of proline content in the light/dark cycles is not
circadian as suggested in section 2.
  The serious question that the fluctuations of P5CS and ProDH mRNA levels and their
protein levels not leading to that of proline content still remains. Under continuous
light conditions, P5CS gene was continuously expressed. The gradual accumulation of
P5CS protein was a reasonable observation because the protein remained stable for 20
h. The ProDH gene was hardly expressed and ProDH protein content gradually
declined, indicating that ProDH protein was more stable than P5CS protein. These
fluctuations of P5CS and ProDH protein levels should promote proline accumulation.
However, the proline content remained at the same level as in the light period under the
unstressed conditions, as shown in Fig. 2-12 d. At present, an appropriate reason is not
given to explain the discrepancy between measured proline content and putative
proline content from mRNA (or protein) levels of P5CS and ProDH. Recently, Stines
et al. (1999) showed that there was no correlation between the proline accumulation and
expression patterns of genes and proteins of both enzymes in developing grapevine fruit
and suggested that another physiological factor was responsible in the control of proline
accumulation.
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7he regulation ofP5CS and ProDH gene expression
    P5CS and ProDH gene expression levels in the light/dark cycles oscillated under
 both unstressed and early stressed conditions, as shown in Fig. 2-13A. This result
suggests the possibility of the regulation by light for P5CS and ProDH gene
expressions. Strizhov et al. (1997) showed that exposure to darkness of light-adapted
Arabidopsis led the decrease of P5CS transcript level. Zhang et ali (1995)
demonstrated that the induction of P5CS gene was a specific response of plants exposed
to salt and drought stresses. However, they did not refer to the regulation by light of
P5CS gene expression. On the other hand, the stimulation of ProDH gene expression
by darkness has not been tested and the promoter analysis has not shown evidence of
light regulation (Nakashima et al., 1998). Although a possibility of light/dark
regulation for P5CS and ProDH gene expressions can not rule out, another possibility,
the difference in water status of plants between light and dark periods was considered.
Leaf water potential represents the water level (RWC in this experiment) of plants.
There are many reports of a reverse correlation between leaf water potential and proline
content. Wise et al. (1990) determined diurnal pattern of leaf water potentials in
sunflower (Helianthus annuus L.) from irrigated and droughted pots. According to
their reports, the difference in leaf water potential between early moming and mid-
afternoon is larger than that between the inigated and droughted conditions. The
decrease of leaf water potential in maize and sorghum by O.2 M NaCl was smaller than
that by the light irradiation (Erdei et al., 1996). It is likely from these results that the
leaf water potential in Arabidopsis is much lower in the light than in darkness and that
the fluctuation in the amplitude of leaf water potential by light irradiation is larger than
that by NaCl treatment. Consequently, it is regarded that Arabidopsis in light
conditions is relatively exposed to dryness even in natural conditions. 'Iliis
consideration allows the oscillation of proline level in the light/dark cycles under
unstressed conditions. Under stressed conditions as well, since RWC oscillates and
gradually declines under lightldark cycles, the oscillation of proline level is easily
explainable. ln CAM plants, it is generally known that stomata close during light
period. However, in kolanchoe daigremontiana, the level of transpiration during light
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is similar to during darkness (Kruge and Fischer, 1967). It is obscure that the fluctuation
of water level is a cause to lead the fluctuation of proline level in CAM plants.
   We showed that the fluctuation amplitude of proline content depended on the RH of
the growth chamber. Alanine and aspartic acid contents and their fluctuations were not
affected by the RH. RWCs of plants under salt stressed conditions were lower than
under unstressed conditions, and furthermore, RWCs in the light periods were far lower
than in the dark periods (Fig. 2-15). As a larger amount of proline accumulated at
lower RWC, there was a reverse correlation between the fluctuations of RWC and
proline content.
   Thus, it is likely that the slight difference (2-69o in RWC) in water status of the
plants between the light and darkness was important in the expression of P5CS and
ProDH genes and the oscillation of the proline content.
2-3-3 MaterialsandMethods
Plant materials
  Plants (Arabidopsis thaliana, ecotype Columbia) were grown on vermiculite under a
24 h cycle of 12 h light (150ptE/s/m2) at 250C and 12 h dark at 200C. The relative
humidity (RH) in a growth ,chamber was monitored in a hygrometer. After 3 to 4
weeks, a group of plants was exposed to O.2M NaCl stress at the start of the light
period, and subjected to the light/dark cycle. A second group of plants, was also grown
under light/dark cycle, and then transferred to either continuous light (250C) or dark
(250C) conditions without salt stress. The shoots were harvested at 8 h from the start of
the light or dark periods and frozen in liquid nitrogen until analyzed.
Measurement ofrelative water content (RWC)
  RWC was estimated using the following formula :
                               FW-DW
                       RWC= xlOO,
                               TW-DW
where FW:' fresh weight, DW: dry weight and rw: turgid weight. Arabidopsis shoots
were harvested and immediately weighed (FW). The shoots were cut into pieces and
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immersed in distilled water for 10 h. The material, blotted dry, was weighed (TW) and
then dried in an oven at 80eC for 5 h. After cooling down in a desiccator at room
temperature, the dried materials were weighed (DW) again.
Preparation ofcrude extract
   Each shoot (O.15'N•O.20 g) was homogenized in O.5 mL of 50 mM Tris-HCI (pH7.5)
containing 1 mM EDTA and 5 mM 6-amino-n-caproic acid. 'Ilie homogenate was
centrifuged at 100,OOO x g for 30 min and the supernatant was used to the subsequent
steps as the crude extract.
Determination ofamino acid contents
   Quantification of amino acids was determined as described in Chapter 2 with minor
modifications. The supernatant of centrifugation at 100,OOO x g was treated with TCA
(final: 5qo) and centrifuged at 18,OOO x g for 10 min. The resulting supematant was
applied to an automatic amino acid analyzer (IRICA, Kyoto, Japan).
SDS-PA GE and immunoblotting
    Protein concentration was determined by the Bradford method (1976). To detect
P5CS protein, the crude extract (40pag protein) was applied to SDS-PAGE and blotted
onto a PVDF membrane by the method of Aoki and Wada (1996). To detect ProDH
protein, the crude extract (O.1 mg protein) was applied to a Superose 12 column (Åë1.0 x
30 cm, Amersham Pharmacia Biotech Co. Ltd.) equilibrated with 20mM Tris-HCI
tpH7.5) containing O.1 M NaCl. The eluate fraction, between 10.5 and 12.0 ml, was
collected, and was further concentrated and deionized in a Microcon 50 (Millipore).
This concentrate was then applied to SDS-PAGE and blotted onto a PVDF membrane
as mentioned above. After transfer each membrane was agitated in 'IBS buffer
containing 59e non-fat milk for 30 min and then incubated at 30eC for 1 h with anti-
P5CS antibody (Nanjo et al., 1999) and anti-ERD5 antibody (Kiyosue et al., 1996),
desolved in fresh TBS buffer with 5% non-fat milk. Each membrane was washed with
MS buffer and then incubated at 300C for 1 h in fresh TBS buffer containing 5% non-
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'fat milk with horseradish-peroxidase-conjugated anti-rabbit Ig from donkey (Amersham
pharmacia Biotech Co. Ltd.) , respectively. Visualization of immunoblots was canied
out using the enhanced chemoluminescence detection (ECL) system (Amersham
Pharmacia Biotech Co. Ltd.) according to the manufacturer's instructions.
RNA gel blot analysis
   Total RNA was isolated by the method of AGPC (Chomczynski et al., 1987), and
gel blot analysis was canied out as described by Iuchi et aL(1996). Thirty pag of total
RNA were fractionated by electrophoresis on a 19o agarose gel containing
fomialdehyde and subsequently blotted onto a nitrocellulose membrane. The
membrane blocked with denatured salmon sperm DNA was hybridized with 32P-labeled
P5CS cDNA or ERD5 cDNA at 42eC overnight. The membrane was washed twice
with 1x SSC, lqe SDS, at 60eC for 20 min.
Estimation ofanthocyanin content
     Extraction and measurement of anthocyanin were canied out according to the
method of Rabino et al. (1986) with minor modifications. Each shoot was
homogenized with methanol containing lqo HCI (w/v) and filtered. Absorbance of the
filtrate was measured at 530 and 657 nm. The formula (As3o)-O.25(Aes7) was used to
estimate the amount of anthocyanin and to compensate for the contribution of Chl and
its degradation products.
2-4. Generaldiscussion
   Proline accumulation was well-known in plants expoesd to an hyperosmotic stress.
The role of accumulated proline is considered to be an osmolyte. On the other hand, it
is also reported that the contribution to osmotolerance is not as large as that in
glycinebetaine (Bhaskaran et al., 1985; Perez-Alfocea and Larher, 1995; Lutts et al.
1996). To evaluate the significance of proline as an osmolyte, I focused on the decrease
of proline cohtent in M. crystallinum leaves in darkness, as described by Sanada (1992)
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 as a preliminary report. A decrease of proline content in darkness was observed in the
 leaves or shoots of M. crystallinum, barley, wheat and Arabidopsis under salt stress
conditions (Fig. 2-2, -3, -5, -8 and -12). Thus, the decrease of proline content was a
common phenomenon regardless of a type of plants, facultative halophyte or
glycophyte. lnterestingly, in Arabidopsis, proline content was fluctuated under
unstressed conditions as well as stressed conditions. The fluctuation of proline level
seems to be regulated by P5CS and ProDH in response to the change of water status in
cellular environment. From these results, therefore, I will discuss a role of proline as an
osmolyte.
A role ofproline as osmolyte
    A unique point of my study is to take note of the decrease of proline content in
darkness in stressed M. crystallinum, barley, wheat and Arabidopsis. ln all tested
plants, the extent of the dark drop in proline level gradually got smaller with time
elapsed, and finaly the drop was hardly observed. M. crystallinum could adapt to
severe salt stressed conditions with shift from C3- to CAM mode at photosynthetic
carbon metabolism. On the contrary, barley, wheat andArabidopsis could not adapt to
severe stressed conditions, and died from a wilt and chlorosis. Thus, the dark drop in
these plants was only observed in an early stage of stress.
   lnArabidopsis, the dark drop was also observed under unstressed conditions as well
as under stressed conditions. ln other words, proline content oscillated in the cycle of
light and darkness even under unstressed conditions (Fig. 2-12). The oscillation of
proline content seemed to be caused by the fluctuation of the transcription levels and
protein levels of P5CS and ProDH. ln barley leaves, the level of ProDH protein
oscillated in the light/dark cycle under unstressed conditions as well as in Arabidopsis
although the proline content scarcely oscillated. It, therefore, appears from these results
that the oscillation of proline level in the light/dark cycle is intrinsic in plants.
   What is a factor to affect proline level in the cycle of light and darkness? One
possibility is light irradiation, as reported by Strizhov et al. (1997). If light irradiation is
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) a cause of the fluctuation of transcription level, the difference in the transcription levels
 of P5CS and ProDH between under unstressed and stressed conditions can not be
 explained. So, as another possibility, water status in the plants is considered. Plants in
stressed conditions were more deficient in water content than in unstressed conditions.
Similarly, plants in the light were more deficient in water content than in darkness.
Judging from the results mentioned above, it can be expected that water level decrease
and increases in light and dark phase, respectively, even if a plant is exposed to
hyperosmotic stress. Actually, RWC fluctuated as in Fig. 2-15. This fluctuation pattern
of RWC nearly corresponded with the reverse pattern of fluctuation of proline content.
ln addition, when plants were grown under high RH conditions, the remarkable proline
accumulation and oscillation were scarcely observed (data not shown). Thus, water
content in the plants greatly affects proline level.
     Glycinebetaine accumulation is also caused by low water content. However,
glycinebetaine accumulated later than proline in salt stressed plants, as shown in Fig. 2-
3 and -4. Expression level of betainealdehyde dehydrogenase (BADH), which was a
key enzyme for glycinebetaine synthesis, was not detectable in unstressed barley leaves
and its level was higher at 48th hour than 12th hour in barley leaves treated with O.3 M
NaCl (Ishitani et al., 1995). On the other hand, P5CS mRNA was observe under
unstressed conditions and its level reached the maximum level within 2 hours after O.25
M NaCl stress treatment inArabidopsis (Yoshiba et al., 1995). ln rice leaves as well as
Arabidopsis, P5CS was fu11y transcribed within 24 hours after O.25 M NaCl treatment,
and then the transcription level gradually declined (Igarashi et al., 1997). in this study,
the remarkable transcription of P5CS was demonstrated at the first light period under
the stressed conditions (Fig. 2-13). From these results, proline biosynthesis is a quite
early response to salt stress.
    Glycinebetaine is known to accumulate both in halophytes and in glycophytes
(Rhodes and Hanson, 1993). On the other hand, proline can not be accumulated in
obligatory halophytes such as Salicornia and Rhizophora which are permanently
exposed to high salinity stress (Takabe and Wada 1999, personal communication). It is
considered from this fact that obligatory halophytes utilize glycinebetaine not proline,
ag
permanently to adapt to hyperosmotic stress. Therefore, glycinebetaine is suitable for'
strong and permanent hyperosmotic stress and is more effective than proline as an
osmolyte.
     It is conclusively proposed from these discussions that proline accumulation
sensitively responds to a subtle change of cellular water status and sustains the osmotic
balance between cells and outer environment. Proline accumulation protects plants
from an excessive loss of water and a certain trouble caused by decrease in insignificat
level of water content. ln addition, it appears in glycinebetaine accumulators that
proline play a role as an osmolyte until sufficient glycinebetaine accumulation.
Therefore, proline is defined as "sensitive and emergent osmolyte" to evacuate plants
from the water deficiency.
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Chapter 3 Attempt atpun:f7cation and characterization
                ofplant ProDH
3-1. Partial purification of ProDH from barley shoots
    P5CS and ProDH are principal enzymes for synthesis and degradation of proline.
To determine properties of both enzymes is very important for further understanding the
regulation of proline accumulation. As proline degradation is one of characteristic
phenomena among osmolyte behaviors, I focused on the degradation of proline in
darkness and attempted to purify and characterize ProDH from barley shoots.
3-1-1 Experimentalresults
    The detection of ProDH at each step of enzyme purification was canied out by
immunoblotting with anti-PUTIfrg antiserum described in Chapter 2, because the
enzyme activity was not measurable. ProDH could be first detected in ammonium
sulfate (25•-709o saturation) fraction. Proteins in ammonium sulfate fraction were
fractionated by DEAE-TOYOPEARL column chromatography with a linear gradient of
O to O.5 M NaCl. ProDH was eluted at approximately O.2 M NaCl (Fig. 3-1). The
fraction containing ProDH in the first DEAE-TOYOPEARL chromatography were
further purified in the second DEAE-TOYOPEARL chromatography. The fraction
including ProDH was applied to the affinity chromatography using Proline-Sepharose
4B column, which carried proline as a ligand, as shown in Fig. 3-2. Consequently,
ProDH was concentrated in the eluate by the buffer containing 2 M NaCl although other
proteins, which were rather dominant from the crude extract fraction, were retained in
the eluate (Fig. 3-3). ln this fraction, no ProDH activity could be determined by
monitoring the reduction of DPIP or INT as electron acceptor spectrophotometrically.
3-1-2 Discussion
    ProDH was partially purified by ammonium sulfate fractionation, repetition of
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Fi gure 3- 1 Distri buion of ProDH on
DEA E-TOY OPERAL chromatography.
A: elution patterns of total protejn (open
circle) and ProDH (closed circle) . Total
protein was determined by the method of
Bradford (1976). Relative level in ProDH
was determined by densitometry of the
signals in immunoblotting. The
maximum level was represened as 1. B:
CBB-stained gel. Thirty pg of total
protein was loaded on the SDS PAGE.
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Fi gure 3-3 Puri fi cati on of ProDH by
Proline-Sepharose 4B column
The 2nd DEAE-TOYOPERL fraction (1
and 4) was loaded to Proline-Sepharose
4B column.The pass through (2 and 5)
and eluate by the buffer containing 2 M
NaCl and (3 and 6) were collected. The
fractions were applied to SDS-PAGE
The gel was stained with CBB (lane 1,2
and 3). Immunoblotting with anti-
Purlfrg antiserum were visualized by
DAB method (lane 4, 5 and 6).
activity was detectable in all the preparations. This result lets us suspect that the protein
recognized by anti-PUTIfrg antiserum is ProDH. However, several leaves of evidence
shown in Chapter 2 suggest that the 60 kDa protein is ProDH. Some reasons are
considered that why ProDH do not express own enzyme activity. One of reasons is
denaturation of ProDH. It is unlikely because all purification steps have been canied
out at 40C within a short period to avoid denaturation. If [U-i`C]proline was used for
the enzyme assay, a faint activity might be observed. The activity is too insignificant to
support the decrease of proline content in vivo. Therefore, it seems likely that an
interaction with another compornent is critical for emergence of ProDH activity.
   In purification of ProDH, it was essential to separate the dominant proteins around
45 kDa from ProDH. The obstructive proteins behaved as well as ProDH in
purification procedures used in this study. The Proline-Sepharose 4B, which canied
proline derivative as a ligand, was very useful to concentrate ProDH. However, this
proline derivative was labile, because it was gradually broken at -300C. The carrier
once used for purification lost the capacity of ProDH adsorption. To reconstruct the
Proline-Sepharose 4B, organic synthesis shown in the appendix must be performed.
Therefore, Proline-Sepharose 4B cannot permit further purification and acquisition of




   Barley (Hordeum vulgare L. cv. Minorimugi) shoots exposed to O.2 M NaCl stress
for 2 days were hervested at 8th hour in the dark cycle. Growth conditions were the
same as those described in section 2 of Chapter 2.
En2[ym e purifica tion
   Plant materials (ca 500g) were homogenized in a Waring blender with 5 volumes of
buffer A (O.1 M K-phosphate buffer, pH 7.8, containing 1 mM MgC12, 5 mM 2Na-
EDTA, 5m M 6-amino-n-caproic acid, 2 mM benzamide, O.5 mM PMSF, O.19o (v/v) 2-
mercaptoethanol and 109o (w/v) glycerol. The homogenate was filtered through four
layers of gauze. The crude extract was fractionated with ammonium sulfate between 25
and 70% saturation. The precipitated protein was resuspended with buffer B (50 mM
K-phosphate buffer, pH 7.8, containing the same compounds as buffer A) and dialyzed
against buffer C (buffer B except for without PMSF). A soluble fraction of the
dialysate was applied to a DEAE-•TOYOPEARL column equilibrated with buffer C.
ProDH was eluted with a linear gradient of O to O.5 M NaCl in buffer C. Positive
fraction was dialyzed against buffer C for further purification in the second DEAE-
TOYOPEARL column with a linear gradient of a O to O.3 M NaCl in buffer C. The
fraction including ProDH was applied to the Proline-Sepharose 4B column and eluted
with buffer C containing 2 M NaCl. The eluate was dialyzed against buffer C and
concentrated in a CENTRIPREP 3 (Millipore).
SDS-PAGE, CBB staining and immunoblotting
   Protein concentration was determined by the method of Bradford (1976). Thirty ptg
of soluble proteins were applied to SDS-PAGE (Laemmli, 1970). The gel was stained
with CBB R-250, or proteins were blotted onto a PVDF membrane by the method of
Aoki and Wada (1996). 'Ihe membrane was agitated in TBS containing 59o non-fat
milk for 30 min and then incubated with the anti-PUTIfrg antiserum in fresh TBS
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containing 59o non-fat milk at 300C ovemight. The membrane was washed with TBS
and then incubated with horseradishperoxidase-conjugated Protein A (ZYMZED) in the
fresh 'IBS containing 59o non-fat milk at 30eC for 1 h. Visualization of immunoblots
was carried out using O.04% (w/v) DAB solution and appropriate volume of 309o of
peroxide.
3-1-4 Appendix
    in order to purify ProDH, the affinity adsorbent carrying a proline derivative as a
ligand was designed. Proline derivative was o-(3-aminopropyl)-L-hydroxyproline to
conjugate with CNBr-activated Sepharose 4B.
Synthesis ofproline derivative as a ligand
    The synthesis of proline derivative was cunied out under the guidance of Dr. H.
Kinoshita, Department of Chemistry, Faculty of Science, Kanazawa University. His
report (1979) was referred in a part of this process. 'Ihe process is roughly illustrated in
Fig. 3-2.
   'Il)e NMR spectra for confirmation of the intermediate compounds were recorded on
a JEOL/MH-60. The chemical shifts were reported on the d scale relative to TMS as an
internal standard. The IR spectra were measured with a JASCO FT/IR-230, Fourier
Transform lnfrared Spectrometer.
                                                                         .
N-Z- O-A cA cHypro- 0H (b)
   The N-Benzyloxycarbonyl-L-hydroxyproline (N-Z-HypTo-OH, 709 mg, 2.85 mmol
(a)), was suspended in 20 mL of dry dichloromethane. To the suspension was added
TEA (303 mg, 3 mmol). To result clear, diketen (252 mg, 3 mmol) was added. The
mixture was incubated for 2 h at room temperature, and evaporated to dryness under
reduced pressure. The residual oil was dissolved in ethyl acetate and the organic layer
washed with 3.5 mL of 1 N HCI and water, and dried over saturated NaCl and dry
MgS04. The obtained solution by filtration was evaporated to concentrate. The product
is N-Benzyloxycarbonyl-O-acetoacetyl-L-hydroxyproline (b). '
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N-Z-0-A` AcHypro-0But (c)
   The compound (b) was dissolved in 15 mL of dry dichloromethane and the solution
 saturated with isobutylene in the presence of concd sulfuric acid (O.15 mL) at -700C.
The reaction mixture was left overnight at r6om temperature, and then it was
evaporated. 'Ihe residue was dissolved in ethyl acetate. The organic layer was washed
with appropriate volume of 109o NaHC03 and water, and dried over saturated NaCl and
dry MgS04. It was filtered and the solution was evaporated to dryness to give the crude
product (O.954 mg). A part of the product (O.296 mg) was dissolved in
dichloromethane and subjected to preparative TLC using benzene-ethanol (15 : 1(v/v))
as a solvent. The extraction of the desirable compound was eluted with ethyl acetate by
using column, and dried under reduced pressure. As a result, O.161 mg of purified
product as t-Butyl N-benzyloxycarbonyl-O-acetoacetyl-L-hydroxyprolinate (c) was
given in 559e yield: IR (neat) 3525, 2978, 2936, 1745, 1713, 1650, 1586, 1498, 1417,
1152 cm"'.
N-Z-Hypro-OBut (d)
   The synthesized product (c: 148 mg, O.37 mmol) was dissolved in 2 mL of ethanol
and added to a solution of hydrazine hydrate (O.47 mg, O.74 mmol) in 1 mL of ethanol.
The reaction mixture was stirred at room temperature for 45 min and evaporated to
dryness under reduced pressure. The residue was dissolved in dichloromethane and
subjected to preparative TLC using benzene-ethanol (15 : 1(v/v)) as a solvent. The
desired product, t-Butyl N-benzyloxycarbonyl-L-hydroxyprolinate (d) was obtained as
an oil: IR (neat) 3443, 2978, 2870, 1740, 1707, 1588, 1498, 1423, 1153 cmi; NMR
(CDCI,) d 1.32, 1.45 (t-Bu, s, 5:4H), 1.75-1.79 (br, IH) 2.05-2.16 (m, IH), 2.28-2.31
(m, IH), 3.51-3.64 (dd, IH, J=11.4, 40.7 Hz), 3.67-3.71 (dd, 2H J=4.6, 11.6 Hz), 4.35-




     DMAP (24 mg, O.2 mmol) and 3-Bromopropylamine (438 mg, 2 mmol) were
 dissolved in acetonitrile. The reaction was begun by addition of 1.1 equivalent of TEA
 and incubated for 15 min. The product was concentrated by evaporation, and then
dissolved in ether and water. The organic layer was washed by cold-dilute HCI, and
neutralized by NaHC03, and dried over saturated NaCl and dry MgS04. The solution
obtained by filtration was evaporated, and N-t-Butoxycarbonyl-3-bromopropylamine
(e) was confirmed: IR (neat) 3347, 2976, 2931, 1690, 1522, 1170 cm"; NMR (CDC13) d
1.44 (s, 9H), 2.05 (q, 2H, J=6.7), 3.27 (q, 2H, J=6.4), 3.44 (t, 2H, J=6.7), 4,58-4.72
(br, IH)
N-Z- O- (3-BOC-NH- (CH2) 3)Hypro- OBut (b
  The product (d) (O.25 mmol) was dissolved in lmL of THF and added in a 1 mL of
THF solution of sodium hydride (13 mg, 1.2 eq.). This reaction was accompanied by
evolution hydrogen gas and finished for 30-60 min. The product (e) (63 mg, O.28
mmol) was dissolved in 1 mL of THF and introduced into above-mentioned reaction
mixture. It was incubated for 5 days at room temperature. The solution was
concentrated by evaporation and dissolved in ethyl acetate. 'Ihe solution was adapted to
acidity by cold-dilute HCI and washed organic layer with NaHC03, and then it dried
over saturated NaCl and dry MgS04. The solution obtained by filtration was dried
under reduced pressure to give crude product (110 mg). 11ie product was dissolved in
dichloromethane and subjected to preparative TLC using benzene-ethanol (20 : 1(v/v))
as a solvent. As the result, the desired product, t-Butyl N-benzyloxycarbonyl-O-(3-t-
butoxycarbonyl-aminopropyl)-L-hydroxyprolinate (D was obtained as an oil in 8 %
yield(15 mg): IR (neat) 3363, 2976, 2932, 1740, 1713, 1417, 1366, 1157 cm'i; NMR
(CDC13) d 1.23-1.45 (m, N-Boc, t-Butoxy ester, 18H), 1.60-1.80 (br, 2H), 1.90-2.05 (br,
IH), 2.07-2.30 (br, IH), 3.01-3.10 (br, 2H), 3.30-3.70 (br, 4H), 3.87-4.08 (br, IH),
4.20-4.35 (br, IH), 4.654.85 (br, IH), 4.90-5.18 (m, 2H), 7.15-7.33 (m, 5H); MS m/z




    The product (D was dissolved in dry ethanol and incubated for 30 min in the
presence of Pd-C as a catalyst under hydrogen gas for debenzylcalboxylation. The
solution was carefu11y filtered and evaporated to dryness under reduced pressure. And
then, 2 mL of TFA was added and left for 30 min at room temperature to cleaved t-
butyl ester. The solution was evaporated to dryness under reduced pressure. As a
result, 1.7 mg of O-(3-aminopropyl)-L-hydroxyproline (g) was obtained.
Preparation ofProline-Sepharose 4B
    Preparation of Proline-Sepharose 4B column was made of synthesized proline
derivative (2 mg) and CNBr-activated Sepharose 4B (lg) as recommended in the
supprier's manual. The 35 mL of Proline-Sepharose 4B was packed into column (Åë1.0
x 5 cm) and stored at 40C in Tris-HCI buffer (pH 8.1)
3-2. 0verexproduction ofArabldopsis thaliana ProDH in E.coli
  ProDH activity has not been detected in all fractions prepared from barley leaves and
Arabidopsis shoots (Chapter 2-2, 2-3 and 3-1). It was therefore considered that an
interaction between ProDH and another compoments such as respiratory chain
complex, P5CDH and Fe-S protein might be essential for ProDH activity, and that the
interaction was labile (Chapter 2-4). If ProDH activity can be detected in a recombinant
ProDH protein, the necesssity of an interaction with another compornent is roled out. If
ProDH activity cannot be detected in a recombinant ProDH protein, the necessity of an
interaction with another compornent is strongly suggested. Furthermore, using the
recombinant ProDH protein, the compornent may be easily determined by in vitro
binding assay.
  ln this section, preliminary results will be reported.
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3-2-I Experimentalresults '
Punfication of GST - ProDHjusion protein
     An expression vector, pGEX-4T-1 (Amersham Pharmacia Biotech Co. Ltd.),
including a DNA fragment encoding ProDH of Arabidopsis were supplied from Dr. K.
Shinozaki, Lab. of Plant Mol. Biol., the Institute of Physical and Chemical Reserch
(RIKEN).
   The recombinant protein, GST-ProDH (ca 80 kl)a), was sufficiently expressed by
O.1 mM IPTG induction (Fig. 3-4, lane 2). When E.coli were grown at 200C, a part of
the recombinant protein could localize in soluble fraction. If E.coli were grown at 370C
or 250C, no recombinant protein localized in soluble fraction. The GST-ProDH was
purified from a crude extract of E.coli by affinity chromatography on glutathione-
Sepharose 4B. Consequently, two major bands (80 and 70 kDa) were observed by
silver staining method (Fig. 3-4, lane 3) and two bands (80 and 57 kl)a) were detected
by immunoblotting using anti-ERD5 antibody.
Attempt to detect ProDHactivizy in GST-ProDH
   A detection of ProDH activity of GST-ProDH was attempted using [U.i4C] proline






Fi gure 3-4 Overproducti on of GST-
ProDH protein
Lane 1 and 2 are extracts of E.coli befor
and after induction by IPTG, respectively.
Lane 3 and 4 is eluate from a glutathione-
Sepharose 4B column by glutathione.
The fractions were applied to SDS-PAGE
Proteins were stained by silver staining
method (lane 1, 2 and 3). Immunoblotting
with anti-ERD5 antibody vvere vjsualized
by ECL system (lane 4).
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and TLC as described in Chapter 2-2. FAD was also supplimented into the reaction
mixtures. Even if the kinds of reaction component, such as electron acceptor, electron
canier, cation added, buffer and pH, were altered, ProDH activity was not detectable
(Data not shown).
3-2-2 Discussions
    The GST-ProDH protein could be obtained. However, ProDH activity was not
detectable. Three reasons were considered. The first is a steric hindrance in ProDH by
additional GST. The second is a lack of posttranslational modifications. The last is a
lack of an interaction with anothoer factor such as a respiratory chain complex, P5CDH,
Fe-S protein and so on. At the present time, it is not conclusive which is a reason for
undetectable ProDH activity. Recently, the recombinant ProDH was obteined from
GST-ProDH by thrombin protease-digestion.
    in the near future, the enzyme assay will be performed using the recombinant
ProDH, and some proteins interacting with the recombinant ProDH will be isolated by




  cDNA encoding ProDH ofArabidopsis was amplified using two primer annealing
near the putative start and stop codons. 'Iliese primers introduced new BamHI
restriction site. The resulting DNA fragment was ligated to the pGEX•-4T-1
(Amersham Pharmacia Biotech Co. Ltd.). This plasmid was supplied from Dr. K.
Shinozaki.
Overproduction andpurification of GST-ProDH
  E.coli (BL21-DE3) transformed with pGEX-ProDH was grown at 200C in 1 L of LB
medium with 50 mg of ampicillin to an ODam of O.5. IPTG (O.1 mM) was then added to
induce expression of the chimeric gene and the culture incubated at 200C for 12 h.
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Cells were precipitated and resuspended with 50 mM Tris-HCI buffer containing 50 ,
mM NaCl and 1 mM EDTA. After sonicating treatment, the cell debris was removed
by centrifugation at 40,OOO x g for 10 min. The cell-free extract was loaded onto
glutathione-Sepharose 4B column (Amersham Pharmacia Biotech Co. Ltd.). The
column operations was canied out according to the manufacturer's instructions.
7]LC for ProDH assay
   ProDH enzyme assay was carried out according to the method described in Chapter
2-2 with minor modifications. FAD (final: 10 paM) was added into reaction mixture.
Proteins eluted by reduced form of glutathione were deionized and concentrated.
Proteins were used at O.4 mg/mL in reaction mixtures.
3-3. General discussion
   ln this chapter, positive results on ProDH activity were not obtained. These results
imply that a certain association between ProDH and another compornents is necessary
for ProDH activity, because presence of ProDH protein of barley and Arabidopsis are
confirmed by anti-PUTIfrg antiserum and anti-ERD5 antibody, respectively. An
affinity column carrying proline derivative was synthesized by organic synthesis
technique. It was very useful for a small scale of purification, but not suitable for a
large amount of purification. The overproduction system of recombinat ProDH protein
was established to obtain a large amount of ProDH. Hereafter, the recombinant protein
will be characterized to understand the properties of ProDH in shoots of barley and
Arabidopsis .
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Chapter 4 Different intraceUular localization ofP5CR-
               1 and P5CR-2
4-1. Purification and charaterization ofP5CR isoenzymes, P5CR-1 and P5CR-2
    P5CR cDNA has been isolated from soybean (Delauney and Verma, 1990), pea
(Williamson and Slocum, 1992) andArabidopsis thaliana (Verbruggen et al., 1993). A
partial purification of P5CR from several plant sources has been reported (Noguchi et
al., 1966; Splittstoesser and Splittstoesser, 1973; Rena and Splittstoesser 1974, 1975;
Miler and Stewart, 1976). Krueger et al. (1986) have described a purification procedure
and kinetic properties of P5CR from barley seedlings and demonstrated regulatory and
adaptive mechanisms of proline biosynthesis under stressed conditions. However, the
dynamics of P5CR under hyperosmotic stress is still under debate. My colleague, Mr.
Ichino, and I firstly purified two P5CR isoforms, P5CR-1 and P5CR-2. The purifjcation
and characterization on kinetic properties of two P5CRs will be briefly summarized,
and the intracellular localization of P5CR••2 will be described.
   'Ihe spinach leaves pretreated with O.2 M NaCl under the light were homogenized
with a Waring blender in the buffer. The crude extract was subjected to an ammonium
sulfate fractionation between 40 and 60% satuation. The resultant fraction was applied
to a Blue Cellulofine column and the elution of P5CR by a 1 mM NADPH solution
from the column was very efficient in the removal of proteins bound nonspecifically to
the column. In the subsequent purification step, DEAE-TOYOPEARL chromatography,
P5CR was pooled as two active fractions, P5CR-1 (eluted as a peak at approximately 50
mM KCI), and P5CR-2 (eluted as a shoulder at approximately 60 mM KCI). Each
fraction was subjected to the gel filtration using Sephacryl S-300 HR. The migration
rate of P5CR in each fraction upon gel filtration corresponded to that of a 310 kD
protein. in the subsequent POROS QEIM chromatography, a O to 1 M NaCl linear
gradient elution of the fraction containing P5CR-2 allowed two activity peaks to be



















































Figure 4-1 Chromatographic profiles of P5CR-1 (A) and P5CR-2 (B) with POROS QEIM
column after DEAE-TOYOPEARL and Sephacry1 S-300 HR column chromatography. 'Ilie P5CR
activity (closed circle) and protein (open circle) were monitored.
be P5CR-1, because the ionic strength of the elution point was identical to that of
P5CR-1 as in Fig. 4-IA. 'Ilie second peak in Fig. 4-IB was newly pooled as P5CR-2.
These were considered to be isoenzymes.
   Since both P5CR isoenzymes (P5CR-1 and P5CR-2) from spinach leaves had an
identical molecular mass of 310 kD in the functional state and were concluded to be a
homopolymer consisting of 10- to 12-subunits of 285 kD based on the results of gel
fi1tration chromatography and SDS-PAGE.
  The Km values for P5C were O.122 mM and O.162 mM in the purified P5CR-1 and
P5CR-2, respectively. The Km values for NADPH were 9 paM and 19 paM in the P5CR-
1 and P5CR-2, respectively.
  We examined pH activity curves of P5CR isoenzymes, ranging from pH 5.5 to pH 9,
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using two different buffer systems, K-phosphate buffer (pH 5.5 to 7.5) and Tris HCI
buffer (pH 7.5 to 9). Both isoenzymes showed an optimal peak around pH 7.0, unlike
the report by Rayapati et al. (1989) which showed that pea chloroplast P5CR showed a
bimodal pH curve.
    We also examined the effects of monovalent and divalent cations on two P5CR
activities using NaCl and MgC12. The effect of NaCl and MgC12 on both isoforms was
inhibitory, unlike the report by Rayapati et al. (1989) which showed that O.1 M KCI or
10 mM MgC12 caused approximately a twofold increase in the P5CR activity of both
pea chloroplasts and etiolated pea shoots. 'Iliere was no difference in the effects of
cations between the P5CR-1 and P5CR-2 activities. ']1ie inhibitory effect by MgC12 was
more than two times the effect by NaCl. KCI and CaC12 indicated the same effects as
NaCl and MgC12, respectively. It was thus concluded that the effect of salts on P5CR-1
and P5CR-2 activities was not due to anions but to cations.
  in order to clarify the stability of the P5CR isoenzymes, we measured the remaining
activities after heat treatment. Both P5CR-1 and P5CR-2 activities were little reduced
by treatment at 40C for 1 h. At 40eC, P5CR-2 activity, unlike P5CR-1 activity, was
considerably retained, indicating that P5CR-2 was more stable than P5CR-1.
4-2. Localization of P5CR-2 in chloroplast
    Why are two P5CRs present ? It is considered that one P5CR is constitutively
expressed and another is inducibly. It is also considered the distinct localization of two
isoenzymes in cells. Rayapati et al. have reported the purification of P5CR from a pea
chloroplast preparation (1989). Therefore, I focused on the latter supposition. in order
to identify the distribution of the P5CR isoenzymes, I tried to isolate P5CR from
spinach chloroplasts.
4-2-1 Experimental resuRts and discussions
Isolation ofP5CR from chloroplasts
     Intact chloroplasts from 207 g spinach leaves were ruptured by sonication. The
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  resulting suspension was centrifuged at 50,OOO x g for 30 min. The supematant fraction
  was collected as a chloroplast stromal fraction and applied to the Blue Cellulofine
  column equilibrated with 20 mM Tris-HCI buffer, pH 7.5. After washing with the same
  buffer, P5CR was eluted with the buffer containing 1 mM NADPH. The activities of
  several marker enzymes were determined with each step as shown in Table 4-1. The
  chloroplast fraction contained a small amount of contamination of mitochondrial and
  cytosolic fractions, judging from the activity assays of Cyt c oxidase and glucose 6-
  phosphate dehydrogenase (G6PDH) unregulated with DTT. These activities were
  recovered in the fraction unadsorbed to the Blue Cellulofine column. As shown in Fig.
  4-2B, P5CR activity from intact chloroplasts was eluted as a symmetrical peak at the
' same position as that of P5CR-2 in POROS QE/M chromatography (Fig. 4-IB). The
  P5CR purified from chloroplasts was concluded to be P5CR-2 based on Km values for
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                                   N.D.: not detected --:not determined
 The homogenates from spinach leaves were passed through 20pam nylon mesh and centrifuged at
2,200 x g for 30 sec. The resulting svpernatant fraction (supernatant at 2,200 x g) was used mainly
as cytosol fraction. The precipitates, after twice washing with 50 mM Tris-HCI buffer (PH 7.9 )
containing O.33 M sorbitol, 2 mM EDTA and 1 mM MgCl,, were pooled as intact chloroplast
fraction. The disruptant of intact chloroplast was applied to a small Blue Cellulofine column and
divided into two fractions which were adsorbed and not adsorbed on Blue Cellulofine column,
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Figure4-2 Chromatographic
profiles of P5CR isoenzymes in
cytosolic (A) and chloroplastic
fraction (B) with POROS QEIM
columm. The chromatographic
conditions used were the same as
shown in Fig 4-1.
NADPH and NADH and heat stability experiments (data not shown). 'Ilie two P5CR
isoforms are not distributed equally in the cytosol and chloroplasts, although we can not
rule out the possibility that P5CR-2 is also present in the cytosol.
7JVze P5CR-2 isoenayme in chloroplasts
   Genomic Southern analyses have suggested the presence of two to three copies of
the P5CR gene per haploid genome in soybean and pea (Delauney and Verma, 1990;
Williamson and Slocum, 1992). The present study suggests that at least two copies of
the P5CR gene are present in spinach and that genes encoding P5CR isoenzymes are
expressed differentially. The P5CR gene is not identified in the chloroplast genome,
which has been recently established in several plants (Wakasugi et al., 1997). Thus,
P5CR-2 purified from chloroplasts must be synthesized in the cytosol and transferred
into chloroplasts through a transport mechanism in the chloroplast membrane, as is
observed in many chloroplast proteins regulated by a nuclear genome. Analyses of all
P5CR cDNAs identified so far in soybean (Delauney and Verma, 1990), pea
(Williamson and Slocum, 1992) andArabidopsis (Verbruggen et al., 1993) have yielded
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no regions corresponding to the signal sequence required for transport into chloroplasts.
The second P5CR gene encoding a P5CR-2 precursor with a signal sequence for
chloroplast transport will be identified in the near future. If proline is also synthesized
in chloroplasts, P5CS, the first enzyme of proline synthesis from glutamate, could be
present in the chloroplast. However, P5CS has no mechanism of transport into the
chloroplast in the N-terminal portion of the enzyme protein. On the other hand, ProDH,
which functions in the proline oxidation pathway in mitochondrion, is synthesized by
ProDH gene as a precursor form. The N-terminal portion of the ProDH precursor has
features characteristic of proteins that are imported into mitochondria (Kiyosue et al.,
1996). Using a nonaqueous fractionation system, Bussis and Heineke (1998) reported
that proline accumulated under stress conditions was mainly located in the stromal
fraction of chloroplast. More likely, however, it would appear that the proline transport
system (ProT gene product) (Schwacke et al., 1999) plays an important role in
chloroplast envelop, rather than proline synthesis in the chloroplast.
    Little knowledge on proline biosynthesis in chloroplasts and its interorganellar
transport still exists. A most interesting problem for the future would be to solve the
elucidation of differences between organelles and their role in the metabolism and
regulation of proline in plant cells during drought and salt stress.
4-1-2 MateriallsandMethods
Plant materia ls
  Spinach (Spinacia oleracea L.) was purchased from a local market.
Enayme assay
    P5CR activity was determined spectrophotometrically at 37eC by monitoring the
absorbance decrease at 340 nm of NADPH, using an extinction coefficient of 6.22
lmM!cm, in a reaction mixture containing O.56 mM P5C, O.1 mM NADPH, 20 ptL of
enzyme solution (See next paragraph), and 67 mM Tris-HCI buffer, pH 7.5, in a total
volume of 900 paL.
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    G6PDH activity was measured as described by Graeve et al. (1994) with minor
rnodifications. The chloroplasts were ruptured by sonicating ten times for 15 sec with 5
min intervals, and centrifuged at 50,OOO x g for 30 min. The supernatant containing
stromal proteins was preincubated in the presence or absence of 20 mM DTT as
described by Aoki et al.(1998). G6PDH activity was assayed at 300C by measuring the
absorbance at 340 nm in the reaction mixture containing O.1 M Tris-HCI (pH 7.5), O.2
mM NADP', 10 mM glucose 6-phosphate, 20 mM MgC12, with or without 20 mM DTT.
   Cyt c oxidase activity was determined by the method of Bergman et al. (1980) with
minor modifications. This activity was assayed by measuring the absorbance decrease
of reduced Cyt c at 550 nm in the reaction mixture containing 60 mM Na-phosphate
buffer (pH 6.8), 30 paM reduced Cyt c and O.039o Triton X-100.
   Catalase activity was assayed as described by Tolbert et al. (1969).
   Alcohol dehydrogenase activity was assayed by the method of Lutstorf and Megnet
(1968). The activity was measured by the reduction of NAD' at 340 nm at 30eC in the
reaction mixture containing O.1 M Tris-HCI buffer, pH 8.5, O.IM ethanol and 1 mM
NAD+.
Chloroplastpreparation
     Chloroplasts were prepared from spinach leaves according to the method of
Nakatani and Barber (1977) with minor modifications. Spinach leaves (35 g) were
gently homogenized for 5 sec in O.15 L of a 50 mM Tris-HCI buffer (pH 7.9) containing
O.33 M sorbitol, 2 mM EDTA and 1 mM MgC12 with a homogenizer (Mitsubishi
electric CO.). Ihe resulting homogenates were passed through a 20 pam nylon net filter
and centrifuged at 2200 x g for 30 sec. The precipitates were resuspended in the same
buffer and washed twice in the same way, and pooled as intact chloroplasts. The





    'Ilie aim in this study was to clarify the role of proline as an osmolyte, because
proline has some unique features among compatible solutes (Chapter 1). in Chapter 2,
it was concluded that proline level fluctuated in response to a small change of water
level in plants and that proline compensated a slight disturbance of osmotic balance.
Glycinebetaine, even addd externally, is known to show more effecive tolerancy to
drought and cold stress than proline. However, we found the sigpificance in the
accumulation of proline which was able to be easily degradable at the relief from stress.
Therefore, we defined proline as "sensitiye and emergent osmolyte".
   Is proline level controlled by transcriptional level of P5CS and ProDH? The answer
is close to "yes" in plants grown in light/dark cycle but "no" in plants grown in the
continuous light. Further investigations will be necessary to obtain an explanation
suitable for our results.
   Do the activities of P5CS and ProDH oscillate in the cycle of light and darkness? It
is most important question. ln order to know properties of P5CS and ProDH,
purification Of ProDH was firstly attempted (Chapter 3). The enzyme activity was not
detected in partially purified ProDH, although a variety of assay systems were tested as
in Chapter 2. A recombinant enzyme preparation from E. coli transformed with ProDH
cDNA did not show the activity. These results, however, implied a regulation of
ProDH activity by an association of another compornents.
   In Chapter 4, characterization and localization of P5CR isoenzymes were described.
It has been so far reported that P5CR is present in cytosol and proline is synthesized in
cytosol. However, it was demonstrated that another type of P5CR (P5CR-2) is located
in chroloplast, suggesting a probability that proline is synthesized in chloroplast. Thus,
the latest fact, locarization of P5CR-2 in chloroplast, was newly added in proline
biosynthesis pathway of plants.
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5-2. Several unsollved problems and prospect in control mechanism of proline
biosynthesis and degradation
    The most significant problem to be solved is the detection of enzyme activities of
P5CS and ProDH. The emergences of P5CS and ProDH activity may be controlled
posttranslationally. ln my study, the levels of transcription and protein of P5CS in
continuous light under unstressed conditions did not reflect a measurable proline
content. An inhibition of recombinant P5CS activity by root extract (Zhang et al.,
1995) and unsuccessfulness of activity detection in ProDH preparation give us a hint
that the enzyme activities are controlled by more complicated systems or that these
enzymes have a very fragile composition. Although I do not elaborate on P5CS protein
in this study, many riddles on P5CS protein remain to be solved.
   On ProDH, Kiyosue et al. (1996) reported that the remarkable decrease of proline
content was earlier than sufficient increase of ProDH transcription level. ln addition,
Rayapati et al. (1991) could detect ProDH actitviy on the way to purify ProDH from
mitochondria. After this experiment, no one can revive ProDH enzyme activities in
solubilizing form. The detection of ProDH activiy is not simple. Use of the
recombinant ProDH may give us a clue to solution. The assay method of TLC and use
of radioisotope are usefu1 for detecting a faint activity. Recently, as a preliminary
experiment, a piece of evidence of ProDH activity is being obtaind in a homogenate of
a barley shoot using [U-i4C] proline. If it is correct, it will be first step to solution.
  On the other hand, this is the first report on the localization of P5CR-2 isoenzyme in
chloroplast. P5CR gene isolated so far has no signal sequence required for transport of
protein into chloroplasts. The second P5CR gene encoding a P5CR-2 precursor with a
signal sequence for chloroplast transport must be identified in the near future. If proline
is also synthesized in chloroplasts, P5CS must be present in the chloroplast or P5C
transport system must be in chloroplast envelop. On the other hand, proline
consumption system in chloroplast is also a problem to be clarified. If a large part of
proline is not incorporated into protein biosynthesis, ProDH must be present in
chloroplast or proline transport system in chloroplast envelop must function to export
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proline from chloroplast. Of course, there is no information upon these hypotheses. As
described in introduction, one of important problems is to evaluate the dynamics of
transcription and enzyme activity level of P5CR under hyperosmotic stress, because
contradictory observations have been reported on the dynamics of P5CR. If the
fluctuations in each isoenzyme, P5CR-1 and P5CR-2, are investigated, the
contradictory observations may be integrated.
    Four enzymes, P5CS, P5CR, ProDH and P5CDH, are involved in synthesis and
degradation of proline. Much information about genes encording P5CS, P5CR and
ProDH has been obtained by recent molecular biological technique. However, few
reports about the proteins and enzyme activities in plants has been present. The
biosynthesis and degradation of proline is a typical case that a gene transcription does
not directly affected physiological phenomenon. Therefore, investigations on proteins
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1
   Proline accumulation was determined in a facultative halophyte, Mesembryanthemum
crystallinum and glycophytes, barley (Hordeum vulgare L.) and wheat (Triticum aestivum L.).
Proline acccumulation preceded the shift of CAM in M. crystaUinum and did not occur in the con-
tinuous darkness. The novel light-dark change of proline level (high in the light and low in the
dark) was observed in leaves of all three plants. Proline levels of shoots in barley and wheat also
showed the same light-dark change, suggesting that proline accumulated in the leaves in the light
was not translocated to other tissues in the dark period. These results suggest that proline has a
bifunctional role in the acclimation to high salt stress; an osmoregulant role in the light, and a sub-
strate for dark respiration to supply energy to compartmentation of ions into vacuole in the dark.
Key words: Barley (Hordeum vulgare L.) - Betaine - Mesembryanthemum crystallinum L. -
Proline level - Salt stress - Wheat (Triticum aestivum L.).
t
  The effects of salt and drought on plant growth have
been investigated for almost 1oo years, because environ-
mental stress is a major problem in crop productivity
(Boyer 1982). Even today the problem is serious as a result
Ofthe expansion of cultivated field in developing countries
and increased intensive agriculture in developed countries.
(See reviews by Greenway and Munns 1980, Hanson and
Hitz 1982). When plants are subjected to salt or drought
Stress, they can survive and grow by adaptive processes
SUch as ion transport and compartmentaion and by synthe-
SiS and accumulation of osmotic solutes (Storey et al.
1977), Putative compatible solutes include glycine-betaine,
Proline and polyols--all are thought to play an important
rOle in plant adaptation to drought and salinity stress
(Delauney and Verma 1993, Paul and Cockburn 1989).
  A facultative halophyte, Mesembryanthemum crystal-
---------------
  Abbreviations: CAM, Crassulacean acid metabolism; PEPC-
aSe, phosphoenolpyruvate carboxylase; TCA, trichloroacetic
9Cid; d, day(s).
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Yatsuka, Soraku, Kyoto, 619-12 Japan•
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tinum can transfer from C3-photosynthetic metabolism to
CAM in the presence of a high concentration of salt (Win-
ter and Von Willert 1972, Winter and LUttge 1976). During
this transition, the appearance of PEPCase activity and
gradual increase of PEPCase protein occur concomitant
with reversal of stomatal switching and acid accumula-
tion in vacuole during night time (Greenway et al. 1978,
Holtum and Winter 1982, H6fner et al. 1987). Ostrem et al.
(1987) showed that proline accumulation in M. crystat-
linum was early response to the salt stress and followed by
increase of PEPCase mRNA. While it is also shown that
glycophytes, barley and wheat, accumulate both proline
and betaine under salt stress, the relationship between ac-
cumulation of these compounds remains unclear. We have
reported the preliminary results of proline accumulation in
light and proline consumption in darkness, using stressed
M. crystaUinum plants (Sanada et al. 1992).
   In the present study, quantitative determination is
reported for proline accumulation of not only M. crystal-
linum, but also wheat and barley under salt stress condi-
tions. We have found that proline accumulation in these
stressed plants was promoted in the light and suppressed in
the dark and that this phenomenon occurred in glycophytes
as well as in halophyte, M.crystaUinum. We discuss
966 Y. Sanada et al.
whether proline plays an osmoregulator role similar to that
of betaine or polyols.
             Materials and Methods
    Plant growth and harvesting-Seeds of Mesembry-
anthemum crystaUinum L. were germinated in a mixture of
soil and vermiculite in 1 to 1 ratio in a growth cabinet.
Plants were grown under a 12 h light/12 h dark cycle at 50
to 60906 relative humidity: light intensity; 3oo ptmol quanta
m-2s-i and temperature, at 250C and 170C, respective-
ly. Plants were watered daily with one-third Hoagland's
nutrient solution. The 7- to 8-week old plants vvere stressed
by supplementing the ample nutrient solution with 4oo mM
NaCl. On the fifth day after the start of NaCl stress, some
plants were transfered into continuous darkness in the
growth cabinet for 68 h (temperature cycles were kept at
250C for 12h and 170C for 12h). Leaf disks (diameter,
1.0cm) taken from the third or fourth leaf pair using a
cork borer were frozen in liquid nitrogen and stored at
-800C until assay.
    Barley (Hordeum vulgare L. cv. Minorimugi) and
wheat (Triticum aestivum L. cv. Nambukomugi) seeds
were soaked for 3 days in tap water. Then the germinated
seeds were grown on a plastic mesh plate covered with a
layer of cheese-cloth in a flat vat containing Hoagland's so-
lution. Two- to three-week old barley plants were subjected
to O.2M NaCl stress in full Hoagland's solution. Wheat
plants grown for two- to three-weeks in the same manner as
in barley plants were treated with O.115M NaCl in one-
third Hoagland's solution because wheat plants stressed in
O.138 M NaCl occurred strong chlorosis for three to four
days. The growth conditions were the same as those of
M. crystaUinum. The leaves from five plants were cut out,
weighed and frozen in liquid nitrogen and stored at -800C
until assay.
   Extraction and analysis offree amino acids-A leaf
disk from M. crystaUinum, and leaves and roots of glyco-
phytes were homogenized with two volumes of distilled
water and treated in a boiling bath for 5 min. The heat-
treated homogenate was cooled down in an ice bath and
centrifuged at 9,OOO Å~g for 15 min. The supernatant frac-
tion was treated with TCA (to a final concntration of
590c(o) and centrifuged again under the conditions described
above. The resultant supernatant fraction was diluted with
two volumes of water. Then, free amino acids in an aliquot
of samples were analyzed by an automatic amino acid ana-
lyzer (IRICA, Kyoto, Japan).
   Extraction and assay of PEPCase-PEPCase was ex-
tracted according to the method of Watanabe et al. (1992)
and assayed by monitoring the absorbance change at 340
nm, according to the method of Maruyama et al. (1966).
   Acid titration of teaf-Titratable acidity was meas-
ured according to the method as described by Sanada and
Nishida (1982).
   Extraction and determination of glycine-betaine.-
Sulfuric acid was added to a homogenate of barley Ieaves
prepared with two volumes of distilled water to make a fi.
nal concentration of O.5 M. The homogenate was shaken for
18h at 250C and centrifuged at 1,OOO Å~g for 10 min, The
precipitate was resuspended in O.5 M sulfuric acid and re.
centrifuged under the same conditions. This process was
repeated three times and the combined supernatant frac.
tions were used for the determination of betaine according
to the method of Arakawa et al. (1990) using a 4oo MHz
NMR spectrometer JNM-GX 4oo (JEOL DATUM, Tokyo,
Japan). t-Butanol (2-methyl-2-propanol) was used as an in.
ternal standard.
   ChiorophyU and chemicats-Chlorophyll was deter•
mined by the method of Arnon (1949).
   Chemicals used in the present study were pruchased
from Wako Pure Chemical Industries, Ltd (Osaka, Japan)
and Nacalai Tesque Inc. (Kyoto, Japan).
                    Results
   Effect of O.4M NaCt stress in Mesembryanthemum
crystatlinum ieaves-Eight-week old M. crystallinum plants
were subjected to stress of O.4 M NaCl at the start of the
light period: PEPCase activity, titratable acidity and
proline content of the leaves were measured in the time
schedule as in Fig.1. As shown in Fig.IA, activity of
PEPCase became measureable at 4th day and burst at 7th
or 8th day after salt treatment and at the same time light-
dark change of acidity became clear (Fig. IB).
   On the other hand, proline content of the stressed
plants was slightly higher than that of unstressed plants
even a few hours after the start of NaCl stress in the light
(data not shown). It increased gradually and reached 10
ptmol (g fr wt)-' over course of 10-d salinization (Fig, IC)•
As reported by many investigators (Schmitt et al. 1988), we
confirmed that the shift to CAM occurred at 5th or 6th daY
after salt treatment in M. crystallinum. Consequently prO
line accumulation seems to be the early response of M. crYS'
taUinum under salt stress, and occurs prior to CAM tranSi'
tion.
   Light-dark change ofproline accumulation in M. crYS'
tallinum leaves-The time course of proline accumulatiOn
in the stresssed M. crystallinum was investigated in detai1
(Fig. 2). Leaf samples were taken at every 8th hour frOrn
the start of light or dark cycle and proline content WaS
measured. As shown in our previous paper (Sanada et al•
1992), proline content decreased to the level of unstresSed
plants after 8 hours of the first dark cycle. on the second
light cycle (2-d) it became higher again. The light-datk
change of proline content in the stressed plants was en'
hanced with each cycle and the proline level increaSed
steadily as mentioned in the previous section. When sOMe
(
(
)Light-dark change of proline in stressed plants 967
'
t








     o

























   Days after Salt Treatment
 Fig• 1 Change of PEPCase activity (A), titratable acidity (B)
 and proline content (C) in leaves of M. crystallinum treated with
 Q, n) or without (A, A) O.4 M NaCl. The salt treatment was
 Subjected at the start of light cycle of O day. Samples were taken at
 every 8th hour from the start of light or dark cycle, and as a con-
 trOl, at one day before giving salt treatment. Open symbols and
 OPen parts in abscissa indicate samples in light and light periods
i' and solid symbols and solid parts in abscissa, samples in darkness
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Of the stressed plants were transfered into continuous dark-
neSs at the fifth dark cycle, the level of proline dropped and
reached nearly that obtained in the control plants during
the darkness (Sanada et al. 1992). This indicates that the
light-dark change of proline level is not due to a circadian
rhythm, and that proline accumulation is light-dependent•
The proline level in the dark cycle after 6th day of salt
Stress was kept in higher level•
  Proline accumulation in wheat and barley leaves by
Salt stress--As shown in Fig.3 and Fig.4A, proline ac-
CUMUIation and its light-dark change were similarly demon-
Strated in wheat and barley leaves, belonging to glycO-
Phytes, under o. ns M and O.2 M NaCl stress, respectively•
Fig. 2 Light-dark change of proline contents in leaves of
M.crystaUinum treated with (M, i) or without (A, A) O.4M
NaCl, The dashed line (----) shows the proline content of
plants transfered to continuous darkness. The sampling details
and symbols are the same as in Fig. 1.
The difference between light-dark level of proline in wheat
and barley was greater than that of M. crystatlinum. Pro-
line content in wheat and barley in the dark period de-
creased nearly to that of the control plants.
    Relation ofbetaine andproline accumulation in bartey
teaves-Barley leaves are known to accumulate both be-
taine and proline under salt stress. It has been reported that
accumulation of betaine is closely related to osmotic stress
(Hanson and Hitz 1982). But the relationship between be-
taine and proline accurnulation is not yet clear. Fig.4
shows the accumulation of proline and betaine in barley
leaves under salt stress. Proline accumulation in barley, as
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Fig. 3 Light-dark change of proline contents in leaves of wheat
treated with (O, 1) or without (A, A) O.115M NaCl. The salt
treatment was subjected at 8th hour after the start of light cycle
( t ). Samples were taken at every 8th hour from the start of light
or dark cycle and as a control, at the start of salt treatment. Sym-
bols are the same as in Fig. 1.


















































-1 O123456   Days after Salt Treatment 7
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  2 4 6Days after Salt Treatment 8
Fig. 6 Proline contents in shoot (D, e) and root (O, e) ofbarley
treated with O.2M NaCl. Open- and solid-symbols indicate
the light- and dark-samples, respectively. Open parts and solid
parts in abscissa indicate light- and dark-periods, respectively,
The salt treatment was given at the start of light cycle ofOday,
Sampling was started with the light cycle of one day before the salt
treatment.
)
Fig. 4 Light-dark change of proline (A) and betaine (B) contents
in leaves of barley treated with (O, -) or without (A, A) O.2M
NaCl. The sampling details and symbols are the same as in
Fig. 1.
a sharp increase was observed on the 2nd day of salt stress.
In the light period of the 7th day, barley leaves showed 20
pmol proline accumulation (g fr wt)-i (Fig. 4A). A rapid
increase of betaine was observed after the 4th day of salt
treatment. The betaine level of leaves reached 8 ptmol (g fr
wt)-i on the 7th day. In barley leaves under salt stress, pro-
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Fig. 5 Proline contents in shoot (O, -) and root (O, e) of wheat
treated with O.115 M NaCl. The sampling datails and symbols
are the same as in Fig. 3.
more, a large decrease of betaine was not found in the
dark. It is likely that betaine synthesis in the dark slows
down or stops. The slight decrease of betaine level in the
dark may be due to the plant growth or translocation frorn
leaves. In wheat leaves, increase pattern of betaine is quite
similar to that of barley (Takabe's personal communica-
tion, 1993).
    Translocation ofproline•--It has been reported that be-
taine accumulated under the stress conditions in barley is
translocated from mature leaves to younger leaves or roots
through the phloem after rewatering (Ladyman et al•
1980). To determine if proline decrease in the dark period
is derived from proline translocation from leaves to the
other organs, we demonstrated light-dark change of pro-
line levels in shoot and root of wheat and barley. Fig•5
shows proline content in wheat shoots and roots. In the
light period of 2nd day after starting salt stress, proline
level in shoots increased about 2-fold higher than in root•
In the next 12h dark period, proline level decreased in
shoots. In root, on the other hand, proline accumulation in
both light and dark periods was not remarkable. As shoWn
in Fig. 6, proline in barley accumulated in the light periOd
                                             ,of 3rd day, and decreased in the next 12h dark period in
both shoot and root. Consequently, translocation of prO'
line did not occur in wheat and barley plants. Proline levelS
in the light period increased considerably as shovvn in Fig• 5
and 6. The measurements of proline levels in the dark peri'
od showed an evident decrease in both shoot and rOOt
(Fig.5, 6), suggesting that proline synthesized in the
light period must be degraded or converted to the other Me'
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Discussion
  proline accumulates in leaves of plants subjected to en-
vironmental stresses, especially drought, salinity and cold
(Delauney and Verma 1993). In the present study, we con-
firmed that a halophyte, M. crystallinum under the stress
conditions accumulated a considerable amount of proline
prior to CAM-mode shift (Fig. 1) and that a glycophyte,
barley began to start a proline accumulation prior to
betaine accumulation (Fig.4). Speculation on the conse-
quence of proline accumulation during stresses includes
protection from enzyme denaturation (Pollard and Wyn
Jones 1979), osmoregulation (Stewart and Lee 1974) and
a nontoxic preservation of carbon, nitrogen and energy
(Joyce et al. 1992). The role of proline in cells is, however,
not clear so far, in spite of many investigations on proline
accumulation. By measuring of proline content, we could
demonstrate clearly that during salt stress, proline ac-
cumulation was stimulated in the light and suppressed in
the dark in facultative halophyte and glycophyte leaves
(Fig.2-6). The proline levels (10-20ptmol (g fr vvt)-' of
tissue) accumulated in the stressed plants tested in the
present study mean that proline concentration in cells
reaches 10-20 mM by a simple supposition that 1 g of fresh
weight of each tissue is equivalent to 1ml total volume.
Since over 90P06o of cell volume in the pallisade parenchyma
ofK, daigremontiana is occupied by vacuole, (Osmond and
Holtum 1981), proline concentration in cytoplasm of the
stressed plants easily exceeds 1oo mM if all proline exists in
the cytoplasm and counterpoises osmotic pressure. The
transpiration rate in the facultative plant, M. crystalZinum
before the induction of CAM in response to high NaCl
salinity, is higher in the light than in the dark as well as
that in glycophyte (Winter and Gademan 1991). Since
the degree of stress increase in both halophytes and gly-
Cophytes in the light, plants accumulate proline as an
OSmolyte to make water uptake easy in the light. For 7 days
after M.crystaltinum is subjected to high salt stress,
Changes of titratable acid content and PEPCase activity
Show the completion of CAM (Fig. 1). Stomata are still
OPen in some extent in the light (Winter and Gademann
1so1)• Therefore, it may be reasonable that M. crystat-
linum in the early stage of CAM induction accumulates
PrOline in the light. The preliminary data show that the pro-
line level of the cAM-mode M. crystallinum keeps high (5-
10"mol (g fr wt)H'
             ) in the dark and difference of proline
level in light and dark decreases gradually•
  Changes of proline in light and darkness suggested
that proline plays an important role in addition to serving
FS an osmolyte. Excess ions in the stressed cells are isolated
intO the vacuole to protect the cytoplasm from salt damage
(Binzel et al. 1988)•
              The tonoplast-bound H"/ATPase de-
teeted in the leaf of Kalanchog daigremontiana (Aoki and
NiShida lgs4) functions in isolation of excess ions into vac-
uole. CAM plant accumulates malate in the dark and some
metabolic energy is required to maintain malate in the vacu-
ole (Watanabe et al. 1992). Sanada et al. (1988) reported
that the survival of CAM-mode leaves of M. crystallinum
was prolonged in continuous darkness compared with that
of C3-mode leaves and that the accumulated malate was im-
portant as a carbon source for sustaining leaves of CAM-
mode M. crystaltinum during continuous darkness. The ac-
cumulated proline might be also effective in the prolonged
survival of the datached leaves of CAM-mode M. crystal-
linum. Proline has been shown to be the most widely dis-
tributed osmolyte and to accumulate under stress condi-
tions not only in higher plants but also in eubacteria,
protozoa, marine invertebrates and algae (Delauney and
Verma 1993). Moreover, it is known that ATP required
to drive a flying muscle of insect is completely dependent
upon proline which functions as a substrate of respiration
(Bursell 1981). Stewart (1972) reported that proline was
used as a carbon source for the Krebs cycle in excised bean
leaves in the dark. The energy trapped by the light reaction
of photosynthesis must be available to compartmentalize
ion into vacuole in the light. Since energy is not generated
photosynthetically in the dark, it is conceivable that proline
accumulated in the light is used as a substrate of the cell res-
piration and the consequent energy is provided to the ion
compartmentation in the dark.
   This work was supported by a Gant-in-Aid for Scientific
Research on Priority Areas (No. 04273101) from the Ministry of
Education, Science and Culture, Japan. The authors thank Pro-
fessor M. Suhara (Department of Chemistry, Kanazawa Universi-
ty) for allowing us use of NMR Spectrometer.
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  Ai-Pyrroline-5-carboxylate reductase (P5CR) (EC 1.5.1.2. L-proline: NAD(P)-5-
oxidoreductase), the second enzyme in the proline biosynthetic pathway, was purified
from spinach (Spinacia oleracea L.) leaves. Following ammonium sulfate fractionation,
purification was performed by several chromatographic methods: Blue Cellulofine,
DEAE-TOYOPEARL,SephacrylS-300HR,andPOROSQEIM. Twoisoenzymes
resolved by anion exchange chromatography were designated P5CR-1 and P5CR-2.
Only P5CR-2 was purified from the intact chloroplasts, indicating differential distribution
of the isoenzymes. P5CR isoenzymes, P5CR-1 and P5CR-2, are a homopolymer with
an apparent molecular mass of 310 kD, consisting of 10- to 12-subunits of about 28.5
kD. P5CR-1 and P5CR-2 showed Km values of9 and 19 paM for NADPH and of O.122
and O.162 mM for Ai-Pyrroline-5-carboxylate (P5C) substrate, respectively. Both had
much loWer affinity for NADH than for NADPH and were mhibited by free ATP and
Mg2' ion. imibition was partially mitigated when ATP and Mg2' were added
simultaneously to the reaction mixture. The stimulation of P5CR activities by a low
concentration of salts were not observed in our system. Anions did not affect P5CR
activity but cations at high concentration were inhibitory. lnterestingly, P5CR-2 was
more stable to heat treatment at 400C than P5CR-1.
2N
lntroduction
  Plants are exposed to important changes of various environmental factors during their
growth, such as high and low temperatures, excess light, drought and high salinity. Most
plants have acquired mechanisms which make them tolerant to environmental stresses
during their developement. Water stresses caused by salinity and water deficiency in the
soil severely hinder plant growth and agricultual productivity (Boyer, 1982). Proline
accumulation is one of the major responses to water stresses (Dashek and Erikson, 1981;
Handa et al., 1983; idimnad and Hellebust, 1984; Rhodes et al., 1986; Csonka, 1989). It
has been suggested that the accumulated proline plays a role as an osmoregulator (Stewart
and Lee, 1974, Delauney and Verma, 1993), and an osmoprotectant (Venekamp et al.,
1989), and is also involved in redox regulation (Bellinger and Larher, 1987) as well as
radical scavenging (Smirnoff and Cumbes, 1989). A variety of compatible organic
solutes including glycine betaine (McCue and Hanson, 1990), polyols such as glycerol,
mannitol, sorbitol and pinitol (Brown and Hellebust, 1978; Handa et al., 1983; Le
Rudulier et al., 1984; Binzel et al., 1987; Paul and Cockburn, 1989; Adams et al., 1992;
Tarczynski et al., 1993), and 3-dimethylsulfoniopropionate (DMSP) (Hanson et al.,
1994) have been shown to accumulate in osmotically stressed plant cells.
  Some plants undergo alterations of photosynthetic functions under stress conditions
(Cusimann et al., 1990, 1992; Belkhodja et al., 1994). A facultative halophyte,
Mesembryanthemum crystatlinum, shifts from the C3- to the CAM-mode at
photosynthetic carbon metabolism during its adaptation to drought or salinity stress
(Hother et al., 1987). During the transition, a gradual increase of PEPCase activity and
an appearance of PEPCase protein occur concomitantly with the reversal of stomatal
switching and acid accumulation in the vacuole during the night (Greenway et al., 1978;
Holtum and Winter, 1982). Proline accumulation in M. crystallinum constituted an early
event in the response to salinity stress (Ostrem et al., 1987; Sanada et al., 1995).
  Two pathways of proline biosynthesis in higher plants have been demonstrated by
Delauney and Verma (1993), one, from glutamate, and the other, from ornithine. 'Ihe
glutamate pathway is the main route under stress and limited nitrogen conditions, whereas
the pathway from ornithine seems to be prominent under high nitrogen input (Adams and
Frank, 1980; Delauney and Verma, 1993). Proline is synthesized from glutamate via P5C
by two successive reactions, which are catalyzed by P5C synthetase (P5CS; EC
2•7•2.11/1.2.1.41) and P5CR. Genes encoding these two enzymes have been identified
in several plants (Hu et al., 1992, Yoshiba et al., 1995, Savoure et al., 1995). Yoshiba et
al• (1995) have demonstrated that the P5CS gene is primarily upregulated by dehydration,
high salinity and ABA treatment.
  P5CR cDNAs have been isolated from soybean (Delauney and Verma, 1990), pea
(Williamson and Slocum, 1992) andArabidopsis thaliana (Verbruggen et al., 1993), but
the dynamics of P5CR under water stress is still under debate. Apartial purification of
P5CR from several plant sources has been reported (Noguchi et al., 1966; Splittstoesser
and Splittstoesser, 1973; Rena and Splittstoesser 1974, 1975; Miler and Stewart, 1976).
bl-b..L
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Krueger et al. (1986) have described a purification procedure and kinetic properties of
P5CR from barley seedlings and clarified regulatory and adaptiv,e mechanisms of proline
biosynthesis in stressed plants. Moreover, Rayapati et al. (1989) reported the partial
purification of P5CR from pea leaf chloroplasts.
  ln the present study, we describe the complete purification of two P5CR isoenzymes
from spinach leaves, the characterization of their properties and their distributions in
spinach leaves.
MATERIALS AND METHODS
PIant Materials and Chemicals
  Spinach (Spinacia oleracea L.) was purchased from a local market. Blue Cellulofine
was obtained from Seikagaku-Kogyo Co. Ltd. (Tokyo); DEAE-TOYOPEARL was
purchased from Tosoh Co. Ltd. (Tokyo); Sephacryl S-300 HR was obtained from
Amersham Pharmacia Biotech Co. Ltd.; and POROS QE/M was purchased from
PerSeptive Biosystems Japan (Tokyo); NADH, NADPH and ATP were supplied from
Oriental Yeast Co. Ltd. (Osaka). The molecular weight marker (MW-SDS-70L)
containing BSA (66 kD), egg albumin (45 kD), glyceraldehyde-3-phosphate
dehydrogenase (36 kD), carbonic anhydrase (29 kD), trypsinogen (24 kD), soybean
trypsin inhibitor (20 kD) and b-lactoalbumin (14.2 kD) for SDS-PAGE and blue dextran
(2000 kD), thyroglobulin (669 kD), B-amylase (200 kD) and aprotinin (6.5 kD) for
calibration of gel filtration were purchased from Sigma Chemical Co. (St. Louis, MO).
The free acid form of P5C was prepared from D,L-P5C (2,4-dinitorophenyl-hydrazine
hydrochloride double salt) purchased from Sigma Chemical Co., according to the method
of Mezl and Knox (1976). PMSF (phenylmethylsulfonylfluoride), leupeptin, pepstatin,
aminocaproic acid, benzamidine were purchased from Sigma Chemical Co. (St. Louis,
MO). All other chemicals used in this study were of the reagent grade and was purchased
from Wako Pure Chemicals lndustries Ltd. (Osaka), Nacalai Tesque Co. (Kyoto) and
Kanto Chemicals (Tokyo).
Enzyme Assay
  P5CR activity was determined spectrophotometrically at 37 eC by monitoring the
absorbance decrease at 340 nm of NADPH, using an extinction coefficient of 6.22 mM'i
cm'i , in a reaction mixture containing O.56 mM P5C, O.1 mM NADPH, 20 ptL of enzyme
solution (See next paragraph), and 67 mM Tris-HCI buffer, pH 7.5, in a total volume of
900 ptL.
  G6PDH activity was measured as described by Graeve et al. (1994) with minor
modifications. The chloroplasts were ruptured by sonicating ten times for 15 sec with 5
min intervals, and centrifuged at 50,OOO g for 30 min. The supematant containing .
stromal proteins was preincubated in the presence or absence of 20 mM DTT as described
by Aoki et al.(1998). G6PDH activity was assayed at 30 OC by measuring the absorbance
at 340 nm in the reaction mixture containing 100 mM Tris-HCI (pH 7.5), O.2 mM
.4
NADP+, 10 mM GIc6P, 20 mM MgC12, with or without 20 mM DTT.
   Cytochrome c oxidase activity was determined by the method of Bergman et al. (1980)
with minor modifications. This activity was assayed by measuring the absorbance
decrease of reduced cytochrome c at 550 nm in the reaction mixture containing 60 mM
Na-phosphate buffer (pH 6.8), 30 ptM reduced cytochrome c, O.03 9o Triton X-100 and
10 ptL of sample.
   Catalase activity was assayed as described by Tolbert et al. (1969).
  Alcohol dehydrogenase activity was assayed by the method of Lutstorf and Megnet
(1968). The activity was measured by the reduction of NAD' at 340 nm at 30 OC in the
reaction mixture containing 100 mM Tris-HCI buffer, pH 8.5, 100 mM ethanol and 1 mM
NAD+.
Enzyme Purification
  Nl purification processes were canied out at 4 OC or on ice and all centrifugations werc
performed with a Hitachi himac CR22.
  Spinach leaves (about 1,300 g) were soaked in a 200 mM NaCl solution exposed to
light for 24 h. The preparation was then homogenized with a Waring blender for 1 min
in 700 mL of a 100 mM K-phosphate buffer, pH 7.8, containing 1 mM MgC12, 1 mM
2Na-EDTA, O.19e (v/v) 2-mercaptoethanol, 10% (wlv) glycerol and 59o (wlv) insoluble
PVP. 'Ihe homogenate was centrifuged at 13,OOO g for 30 min. 'Ihe resulting
supernatant (crude extract) was fractionated with ammonium sulfate between 40 and 609o
saturation. 'Ihe precipitate was collected by centrifugation at 13,OOO g for 30 min, and
resuspended in a minimal volume of 20 mM K-phosphate buffer, pH 7.8, containing
O.19o (v/v) 2-mercaptoethanol and 5% (w/v) glycerol (buffer A). The suspension was
dialyzed three times ovemight against 5 L of a 20 mM K-phosphate buffer, pH 7.8, with
O.Ol% (v/v) 2-mercaptoethanol and 59o (w/v) glycerol. The dialysate was centrifuged at
39,800 g for 30 min to remove any precipitate. 'Ihe supernatant (40-609o ammonium
sulfate fraction) was loaded onto a Blue Cellulofine column (f2.7 x 25 cm) equilibrated
with buffer A. After washing with 1 L of buffer A, the P5CR active fraction was eluted
with buffer A (200 mL) containing 1 mM NADPH and collected in 8 mL fractions. 'Ihe
processes described above were repeated 5 times and pooled as a Blue Cellulofine
fraction.
  The combined Blue Cellulofine fractions were applied to a DEAE-TOYOPEARL
column (Åë1.75 x 11 cm) equilibrated with buffer A. The column was washed with 150
mL of buffer A and then eluted with 250 mL of a linear gradient of O to 150 mM KCI in
buffer A. '1 he active fractions, pooled as a DEAE-TOYOPEARL fraction, were dialyzed
against 1 L of a 20 mM K-phosphate buffer, pH 7.8, ovemight and concentrated to 1.5
mL with CENTRIPREP 3 (pore size, 3 kD) (Millipore Ltd.) at 3,OOO g. '11ie
concentrated enzyme solution was applied to a Sephacryl S-300 HR column (f5 x 90 cm),
equilibrated beforehand with a 20 mM K-phosphate buffer, pH 7.8, containing O.1 M
KCI, and developed with the same buffer at a flow rate of 24 mL h". 'Ihe column
se
calibration was canied out using thyroglobulin, B-amylase, yeast alcohol dehydrogenase
and aprotinin. The active fractions (Sephacryl S-300 HR fraction) were pooled, and after
dialysis against 500 mL of a 20 mM Tris-HCI buffer, pH 7.5 (buffer B), were applied to
a POROS QE/M column (ÅëO.46 x 10 cm) equilibrated with buffer B. The column
equipped FPLC system (Amersham Pharmacia Biotech Co. Ltd.) was washed with buffer
B, until no protein was detected in the eluate. Enzyme activity was eluted with 33 mL of
a linear gradient of O to 1 M or O to O.5 M NaCl in the buffer B.
Chloroplast preparation
   Chloroplasts were prepared from spinach leaves purchased from a local market
without salt treatment according to the method of Nakatani and Barber (1977) with minor
modifications. Spinach leaves (35 g) were gently homogenized for 5 sec in 150 mL of a
50 mM Tris-HCI buffer (pH 7.9) containing 330 mM sorbitol, 2 mM EDTA and 1 mM
MgC12 with a homogenizer (Mitsubishi electric CO.). Tlie resulting homogenates were
passed through a 20 ptm nylon net filter and centrifuged at 2200 g for 30 sec. The
precipitates were resuspended in the same buffer and washed twice in the same way, and
pooled as intact chloroplasts. 'Ihe supematant fraction was used for assays of several
marker enzymes as a fraction mainly from cytosol.
Electrophoresis
  SDS-PAGE was performed with a 4% stacking gel and a 12.59o separating gel at 4 eC.
Molecular weights were estimated on the basis of electrophoretic mobility using molecula
weight markers.
RESULTS AND DISCUSSION
Purification of P5CR from Spinach Leaves
  Before starting the P5CR preparation, the spinach leaves were stressed by incubation in
a 200 mM NaCl solution exposed to light for 24 h, because it has been reported that
P5CR mRNA level increased in salt-stressed plant tissues (Delauney and Verma 1990;
Williamson and Slocum 1992), and that the stimulation of proline synthesis in stressed
plants is correlated with increased P5CR activity (Treichel 1986; Andoh 1994, personal
communication). On the contrary it has also been reported that P5CR reaction was not
rate limiting and was not involved in osmotic stress-dependent regulation of proline
synthesis (LaRosa et al. 1991; Szoke et al. 1992). Furthermore, P5CR gene expression
was shown not to be induced by osmotic stress (Yoshiba et al. 1995). Since results from
various studies have been contradictory, we examined whether or not the activity of
P5CR increased in crude extract from stressed spinach. The salinity stress in spinach
purchased from a local market slightly increased the total activity of isolated P5CR and th
sustained stress during a longer period of time inversely decreased the activity of extracte(
P5CR (data not shown).
  After ammonium sulfate fractionation, the elution of P5CR by a 1 mM NADPH
E
solution from the Blue Cellulofine column was very efficient in the removal of proteins
bound nonspecifically to the column. The five repetitions of this process yielded 144 mg
of protein and about 1500 units in total activity (Table 1). Fig. 1 shows a DEAE-
TOYOPEARL chromatographic profile of P5CR from the Blue Cellulofine fractionation.
The P5CR peak eluted at approximately 50 mM KCI and showed a shoulder. Therefore,
P5CR was pooled as two active fractions, P5CR-1 (eluted fractions 10 to 15), and P5CR-
2 (eluted fractions 16 to 19) and was subsequently subjected to the purification steps. As
shown in Fig. 2, most of the proteins were removed from the activity peak by gel
filtration using Sephacryl S-300 HR. The migration rate upon gel filtration corresponded
to that of a 310 kD protein. ln the subsequent POROS QE/M chromatography, a O to 1 M
NaCl linear gradient elution of the P5CR-2 fraction allowed two activity peaks to be
separated more clearly (Fig. 3B). The first activity peak in Fig. 3B was referred to be
P5CR-1, because the ionic strength of the elution point was identical to that of P5CR-1 as
in Fig. 3A. The second peak in Fig. 3B was newly pooled as P5CR-2. These were
considered to be isoenzymes.
  ln order to prevent the possible involvement of endogenous proteases during
purification, we performed enzyme preparations in the presence of several protease
inhibitors, such as 1 mM aminocaproic acid, 1 mM benzamidine, 1 mM PMSF, O.5 ptg
mL-' leupeptin, and 1 pag mL'i pepstatin. No change in chromatographic profiles in
DEAE-TOYOPEARL and POROS QEIM columns was found (data not shown). The
P5CR activities in POROS QE/M fractions were used for the subsequent experiments.
Tlie results of the purification are summarized in Table 1.
Structural and Functional Propenies of Two P5CR Isoenzymes
   Since both P5CR isoenzymes (P5CR-1 and P5CR-2) from spinach leaves showed the
same mobility on SDS-PAGE (Fig. 4) and migrated as a single band, we concluded that
they were highly homogeneous. They had an identical molecular mass of 310 kD in the
functional state and were concluded to be a homopolymer consisting of 10- to 12-subunits
of 28.5 kD based on the results of gel filtration chromatography (Fig. 2) and SDS-PAGE
(Fig. 4). Krueger et al. (1986) reported that the molecular mass of nondenatured P5CR
from barley seedlings was 480 kD with Sephacryl S-300 HR chromatography and P5CR
was a homopolymer consisting of 12- to 16-subunits. Other reports also suggested that
the native configuration of P5CR in both human erythrocyte and E.coli was a
homopolymeT of 10- to 12-subunits (Meni11 et al. 1989; Rossi et al. 1977), and in rat
lens, a homopolymer of 8-subunits (Shiono et al. 1986).
  The Km values for P5C were O.122 mM and O.162 mM in the purified P5CR-1 and
P5CR-2 fractions, respectively. 'Ihe Km values for NADPH were 9 paM and 19 paM in
the P5CR-1 and P5CR-2 fractions, respectively (Fig. 5). P5CR-1 and P5CR-2 were
also separated by Blue Cellulofine chromatography with a linear gradient of O to 200 ptM
NADPH in Buffer A (data not shown). These results suggested that these two entities
showing P5CR activity were distinct enzyme forms because of the difference in affinity to
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NADPH between P5CR-1 and P5CR-2. 'Ilie affinities of P5CRs for NADH were about
10-fold lower than that for NADPH, whereas the activities were 5-fold lower with NADH
than with NADPH (data not shown). The affinity difference between NADPH and
NADH has been recognized in P5CR in a variety of sources, such as soybean (Szoke et
al. 1992), chlorella (Laliberte and Hellebust 1989), E. coli (Rossi et al. 1977), and
Neurospora (Yura and Vogel 1959). P5CR isoforms from spinach leaves can use both
NADPH and NADH as an electron donor, but have a lower Km and a higher activity with
NADPH, such as in soybean leaves (Miler and Stewart, 1976; Szoke et al., 1992),
tabacco leaves (Noguchi et al., 1966) and cultured cells (LaRosa et al., 1991), barley
seedlings (Krueger et al., 1986) and chlorella (Laliberte and Hellebust, 1989). On the
other hand, the Km value of P5CR from yeast was equal to 50 paM with both NADPH
and NADH (Matsuzawa and Ishiguro, 1980), and that from pumpkin cotyledons was
greater with NADPH than that with NADH (Splittstoesser and Splittstoesser, 1973). It is
likely that P5CR in active photosynthetic tissues is specific for NADPH and in
nonphotosynthetic tissues, for NADH.
   We examined pH activity curves of P5CR isoenzymes, ranging from pH 5.5 to pH 9,
using two different buffer systems, K-phosphate buffer (pH 5.5 to 7.5) and Tris HCI
buffer (pH 7.5 to 9). Both isoenzymes showed an optimal peak around pH 7.0 (data not
shown), unlike the report by Rayapati et al. (1989) which showed that pea chloroplast
P5CR showed a bimodal pH curve.
   VVe repeated the experiments by Miler and Stewart (1976) which showed that an
addition of ATP into the reaction mixture mhibited P5CR activity and that a simultaneous
addition of Mg2' ion restored the P5CR activity (Table 2). Comparing the effects of ATP
alone, P5CR-2 was shown to be more sensitve to ATP than P5CR-1. ATP is considered
to be a competitive inhibitor of NADPH and this result reflects the difference of Km
values for NADPH in the two isoenzymes. The mhibition of P5CR-1 and P5CR-2 by
ATP was partially mitigated by the simultaneous addition of MgC12, although Mg2' alone
was shown to be a strong inhibitor to P5CRs as described later.
  We examined the effects of monovalent and divalent cations on two P5CR activities
using NaCl and MgC12 (Fig. 6). The effect of NaCl and MgC12 on both isoforms was
inhibitory, unlike the report by Rayapati et al. (1989) which showed that 100 mM KCI or
10 mM MgC12 caused approximately a twofold increase in the P5CR activity of both pea
chloroplasts and etiolated pea shoots. There was no difference in the effects of cations
between the P5CR-1 and P5CR-2 activities. The inhibitory effect by MgC12 was more
than two times the effect by NaCl. KCI and CaCl, indicated the same effects as NaCl and
MgC12, respectively (data not shown). It was thus concluded that the effect of salts on
P5CR-1 and P5CR-2 activities was not due to anions but to cations. 'Ilie results suggest
the possibility that the formation of an ATP-Mg2' complex negates the individual
inhibitory effect of ATP coexisting separately with Mg2' in the reaction mixture.
  As mentioned above, spinach leaves exposed to severe drought stress for a longer
period have demonstrated less P5CR activity. During exposure to salinity stress, the ratio
`E?L
of P5CR-1 to P5CR-2 became less. ln order to clarify the stability of the P5CR
isoenzymes, we measured the remaining activities after heat treatment. Fig. 7 indicates
the heat stability of the diluted P5CR solutions with or without 1 mg mL-i of BSA. Both
P5CR-1 and P5CR-2 activities were little reduced by treatment at 4 OC for 1 h. At 40 OC,
P5CR-2 activity, unlike P5CR-1 activity, was considerably retained in the presence of
BSA, indicating that P5CR-2 was more stable than P5CR-1.
Isolation of P5CR from Chloroplasts
   Rayapati et al. (1989) have reported the purification of P5CR from a pea chloroplast
preparation. in order to identify the distribution of the P5CR isoenzymes in spinach, we
tried to isolate P5CR from spinach chloroplasts. lntact chloroplasts from 207 g spinach
leaves were ruptured by sonication. The resulting suspension was centrifuged at 50,000
g for 30 min. The supernatant fraction was collected as a chloroplast stroma fraction and
applied to the Blue Cellulofine column equilibrated with 20 mM Tris-HCI buffer, pH 7.5.
After washing with the same buffer, P5CR was eluted with the buffer containing 1 mM
NADPH. 'Ihe activities ofseveral marker enzymes were determined with each step as
shown in Table 3. The chloroplast fraction contained a small amount of contamination of
mitochondrial and cytosolic fractions, judging from the activity assays of cytochrome c
oxidase and G6PDH unregulated with DTT. 'Ihese activities were recovered in the
fraction unadsorbed to the Blue Cellulofine column. As shown in Fig. 8B, P5CR activity
from intact chloroplasts was eluted as a symmetrical peak at the same position as that of
P5CR-2 in POROS QE/M chromatography (Fig. 3B). The P5CR purified from
chloroplasts was concluded to be P5CR-2 based on Km values for NADPH and NADH
and heat stability experiments (data not shown). The two P5CR isoforms are not
distributed equally in the cytosol and chloroplasts, although we can not rule out the
possibility that P5CR-2 is also present in the cytosol.
The P5CR-2 Isoenzyme in Chloroplasts
  To our knowledge, this is the first report describing the purification of two P5CR
isoforms except in the case of P5CR from soybean nodules (Chilson et al., 1991). in
earlier studies, P5CRs from the various sources of plants have been purified as a single
form (Noguchi et al., 1966; Spilitstoesser and Spilitstoesser, 1973; Rena and
Spilitstoesser, 1974; 1975; Miler and Stewart, 1976; Krueger et al., 1986; Rayapati et al.,
1989). Genomic Southern analyses have suggested the presence of two to three copies of
the P5CR gene per haploid genome in soybean and pea (Delauney and Verma, 1990;
Williamson and Slocum, 1992). This study suggests that at least two copies of the
P5CR gene are present in spinach and that genes encoding P5CR isoenzymes are
expressed differentially. The P5CR gene is not identified in the chloroplast genome,
which has been recently established in several plants (Wakasugi et al., 1997). 'Ihus,
P5CR-2 purified from chloroplasts must be synthesized in the cytosol and transferred into
chloroplasts through a transport mechanism in the chloroplast membrane, as is observed
q
in many chloroplast proteins regulated by a nuclear genome. Analyses of all P5CR
cDNAs identified so far in soybean (Delauney and Verrna, 1990), pea (Williamson and
Slocum, 1992) and Arabidopsis (Verbruggen et al., 1993) have yielded no regions
corresponding to the signal sequence required for transport of proteins into chloroplasts.
The second P5CR gene encoding a P5CR-2 precursor with a signal sequence for
chloroplast transport will be identified in the near future. If proline is also synthesized in
chloroplasts, P5CS, the first enzyme of proline synthesis from glutamate, could be
present in the chloroplast. However, P5CS has no mechanism of transport into the
chloroplast in the N-terminal portion of the enzyme protein. On the other hand, proline
dehydrogenase, which functions in the proline oxidation pathway in mitochondrion, is
synthesized by ProDH gene as a precursor form. 'Ihe N-terminal portion of the proline
dehydrogenase precursor has features characteristic of proteins that are imported into
mitochondria (Kiyosue et al., 1996). Using a nonaqueous fractionation system, Bussis
and Heineke (1998) reported that proline accumulated under stress conditions was mainly
located in the stromal fraction. As judged from Table 1, the activity of P5CR2 is at most
one-fourth of the total P5CR activity. More likely, however, it would appear that the
Pro transport system (ProT gene product) (Schwacke et al., 1999) plays an important role
in chloroplast envelop, rather than proline synthesis in the chloroplast.
   We have also obtained the results that the P5CR-2 activity in spinach leaves treated
under more severe stress conditions is larger than P5CR-1 activity during DEAE-
TOYOPEARL and POROS QE/M chromatography (data not shown). It is not clear to
date whether P5CR-2 is synthesized de novo in response to novel stress conditions or if
P5CR-2, being more stable than P5CR-1, is simply retained under the severe conditions
of stress. Little knowledge on proline biosynthesis in chloroplasts and its interorganellar
transport still exists. A most interesting problem for the future would be to solve the
elucidation of differences between organelles and their role in the metabolism and
regulation of proline in plant cells during drought and salt stress.
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  The results presented here are for a typical purification starting from 6.5 kg of spinach leaves
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Table 2 Effects of A TP and Mg2+ on P5CR iso enzyme reactions
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N.D.: not detected --- : not determined
 The homogenates from spinach leaves were passed through 20pm nylon mesh and centrifuged at
2200 x g for 30 sec. The resulting supernatant fraction (supernatant at 2200 x g) was used mainly as
cytosol fraction. The precipitates, after twice washing with 50 mM Tris-HCI buffer (pH 7.9 )
containing 330 mM sorbitol, 2 mM EDTA and 1 mM MgC12, were pooled as intact chloroplast
fraction. The disruptant of intact chloroplast was applied to a small Blue Cellulofine column and
divided into two fractions which were adsorbed and not adsorbed on Blue Cellulofine column,





Chromatographic profile of P5CR with DEAE-TOYOPEARL column. The P5CR activity
(e) and protein (o) were monitored and the indicated fractions were pooled as P5CR-1
and P5CR-2, respectively.
Figure 2
Chromatographic profiles of P5CR-1 (A) and P5CR-2 (B) with Sephacryl S-300 HR
column @5 x 90 cm). The arrow-heads show the elution positions of blue dextran (2000
kD), thyroglobulin (669 kD), B-amylase (200 kD) and aprotinin (6.5 kD) used for
calibration. Ihe P5CR activity (e ) and protein ( o ) were monitored.
Figure 3
Chromatographic profiles of P5CR-1 (A) and P5CR-2 (B) with POROS QE/M column.
The P5CR activity (e) and protein ( o) were monitored as in Fig. 2.
Figure 4
SDS-PAGE of purified P5CR isoenzymes. Lanes 1 and 2 indicate P5CR-1 and P5CR-2,
respectively. The gel was visualized with Coomassie bri11iant blue. The bars outside of
flame show the elution positions of molecular mass markers.
Figure 5
Relationship between NADPH concentration and P5CR activity of P5CR-1 (A) and
P5CR-2 (B). The inserts indicate double reciprocal plots.
Figure 6
Effects of MgC12 (e ) and NaCl (o ) on P5CR-1 (A) and P5CR-2 (B) activities. Each
isoenzyme activities in the presence of the NaCl and MgCl2 concentrations indicated werc
monitored and the activity in the absence of salt added externally were indicated as 100 9o
.
Figure 7
Effects of heat treatments on diluted P5CR-1 (A) and P5CR-2 (B) solutions with (o) or
without (e ) BSA. 'Ihe P5CR activities were measured at 37 OC, after heat treatment at 4
eC (broken lines) or 40 eC (solid lines) for the periods indicated.
Figure 8
Chromatographic profiles of P5CR isoenzymes in cytosolic (A) and chloroplastic fraction
(B) with POROS QE/M column. The chromatographic conditions used were the same as
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Oscillation and Regulation of Proline Content by P5CS and ProDH
Expressions in the Light/Dark Cycles in Arabidopsis thatiana L.
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Gene
1
     The fluctuation of proline content, and protein and
 mRNA levels of Ai-pyrroline-5-carboxylate synthetase
 (P5CS) and proline dehydrogenase (ProDH), both of which
 are involved in proline biosynthesis and degradation, in the
 shoots ofArabidopsis grown in lightldark cycles were dem-
 onstrated under salt-stressed and unstressed conditions.
 Proline content, as well as proteins and mRNAs of these en-
 zymes, clearly oscillated in the Iightldark cycles under the
 stressed and unstressed conditions. A reciprocal retation-
 ship between P5CS and ProDH was observed. Protein Ievels
 of P5CS and ProDH vvere well synchronized with their
 mRNA levels, although the fluctuation of protein levels was
 not as significant as that of their mRNA levers. Both mRNA
 and protein levels of the two enzymes as well as the proline
 content did not oscillate under the continuous light or the
 dark conditions. Thus, P5CS and ProDH gene expressions
 seemed to be involved in light irradiation. Moreover, rela-
 tive water content (RWC) in the plants oscillated in the
 lightldark cycles. The fluctuations of proline content in
 shoot reversely responded to that of RVVC. It is suggested
 that the expression of two genes responds sensitively to a
:
: subtle change of cellular water status, and accumulated
 proline keeps the osmotic balance between cells and the
 outer environment.
 Key words: Arabidopsis - Lightldark - Oscillation -
 P5CS - ProDH - Proline.






                  Introduction
   Plants grow in various types of environmental stresses. In
Particular, osmotic stress such as drought and salt stress is a
CrMcal factor in limiting plant growth and crop productivity
(Boyer 1982). Under osmotic stress, plants accumulate organic
eompounds such as proline, glycinebetaine and polyols as a
COmpatible solute (Delauney and Verma 1993). Many reports
]ndicate the positive correlation between the accumulation of
these compounds and the adaptation to osmotic stress (Stewart
and Lee 1974, Greenway and Setter l979, Goas et al. 1982,
Weimberg et al. 1982, Torello and Rice 1986).
r(irleLsporiding author: E'[El'h-il, fi L'T '--'- ' ' -
    Proline accumulation has been observed in a number of
plants and proline biosynthesis from glutamic acid via P5C
constitutes a main route under stressed conditions (Stewart
 l977, Delauney and Verma 1993), This pathway is composed
of two enzyme reactions involving P5CS, which catalyzes the
reduction of glutamic acid, and P5C reductase (P5CR), which
synthesizes proline from P5C. It is considered that P5CS is a
rate-limiting enzyme in proline biosynthesis in higher plants
(LaRosa et al. 1991, Hu et al. 1992, Delauney and Verma 1993,
Kishor et al. 1995, Savoure et al. 1995, Yoshiba et al. 1995,
Igarashi et al. 1997).
    On the other hand, the degradation of proline to glutamic
acid via P5C in higher plants is catalyzed by two enzymes,
ProDH and P5C dehydrogenase (P5CDH), in the mitochondri-
on. The gene (ERD5) encoding ProDH was isolated by Kiyo-
sue et al. (l996) from Arahidopsis. The P5CDH gene has not
been isolated yet.
    Peng et al. (1996) first showed a reciprocal expression be-
tween P5CS and ProDH genes in the same Arabidopsis plant.
A water stress signal up-regulated P5CS gene expression and
down-regulated ProDH gene expression, vvrhereas the subse-
quent rehydration signal down-regulated P5CS gene expres-
sion and up-regulated ProDH gene expression. This unique re-
port comparing expression levels between P5CS and ProDH
genes in the same plant conclusively suggested that proline
content was controlled by the expression levels of both P5CS
and ProDH genes.
    Proline accumulation with light has been reported (Hanson
and Tully 1979, Goas et al. 1982, Joyce et al. 1984). On the
other hand. proline degradation in darkness reported by only
.Sanada et al. (1995). In this study, we report that the content of
proline in Arabidopsis increases in light and decreases in dark-
ness and that mRNA and protein Ievels of P5CS and ProDH
fluctuated in the cycle of light and darkness.
               Materials and Methods
Plant materia/,s'
    PIants (Arabidopsis thaliana, ecotype Columbia) were grown on
vermiculite under a 24 h cycle of 12 h Iight (150 ptE m-2 s'i) at 250C
and 12h darkness at 200C. The relative humidity (RH) in a growth
chamber was monitored in a hygrometer. After 3-4 weeks, a group of
plants (approximately 60) was exposed to O.2 M NaCl stress at the
start of' the light period and then grown under the same lightfdark re--
gime. A second group of plants was also grown in the Iightldark cy-
keiwada(t-v..kenroku.kanazawa-u,ac.jp; Fax, +8 1-76-264-5745; Phone,
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 cle, and then transferred to cither continuous light or dark conditions
 without salt stress. The shoots of plants grovvn under the light!dark
 conditions were harvested at 8 h from the start ofthe light or dark peri-
( ods and t'rozen in liquid nitrogen until analyzed.
1
 ,Veasttt'ement ofRWC
    RWC was estimated using the following tbrmula:
1 RWC - [(FW - DW)f(TW - DW)] Å~ 100,
i where FW is fresh weight, DW is dry weight, and TW is turgid
, weight. Arabiclopsis shoots were harvested and immediately weighed
 sFW), The shoots were cut into pieces and itnmersed in distilled water
 for 10 h. The material, blotted dry, was weighed (TW) and then dried
 in an oven at 800C for 5 h. After cooling in a desiccator at room tem-
 perature. the dried material was weighed again (DW).
:
Pi'epai'ation qf'('rude extract
   Each shoot (O.15--O.20 g) was homogenized in O..S. ml of50 mM
Tris-HCI (pH7.5) containing 1 mM EDTA and .S. mM 6-amino•-n-
caproic acid. The homogenate was centrifuged at 100,OOO Å~ g fbr
30min and the supernatant vvfas used in the subsequent steps as the
crude extract.
Determination qfatnino acid ('ontent
   Quantification of amino acids was determined according to the
method of Sanada et al. (1995) with minor moditlcations. The crude
extract was treated with trichloroacetic acid (50/6, final concentration)
and centrifuged at 18.000 Å~ g fbr 10min. The resulting supernatant
"'as applied to an automatic amino acid analyzer <IRICA, Kyoto, Ja-
pan).
 SDS-PA GE and immunob/otting
    Protein concentration was determined by the method of Brad-
 t'erd <1976). To detect P5CS protein. the crude extract (--40 ptg pro-
 tein) was applied to an SDS-PAGE (Laemmli 1970) and blotted onto a
 polyvinylidene difluoride (PVDF) membrane by the method of Aoki
 and Wada (1996). To detect ProDH protein, the crude extract (O,1 m.q.
 protein) was applied to a Superose 12 column (Åë1.0 Å~ 30 cm; Amer-
 sham) equilibrated with 20 mM Tris-HCI (pH 7.5) containing O.1 M
 NiaCl. The eluate fraction, between 10.5 and 12.0ml. "ras collected,
 and was further concentrated and deionized in a microcon .S.O (Milli-
t pore). This concentrate was then applied to an SDS-PAGE and blottcd
 onto a PVDF membrane as mentioned above. After transfer, each
 membrane was agitated in TBS containing 50/o non-fat milk for 30 min
 and then incubated at 300C for 1 h with anti-AtP5CS antibody (Nanjo
 t'tal, I999) and anti-ProDH antibody (Kiyosue et al. 1996), dissolved
 m fresh TBS with 50/o non-fat milk. Each membrane was washed with
 TBS and then incubated at 300C tbr 1h with donkey anti-rabbit lg
 (Amersham) conjugated with horseradish peroxidase in t'resh TBS
 Containing 50/o non--fat milk, respectively. Visualization of immunob-
 lots was carried out using the enhanced chemiluminescence detection
 iECL) system (Amersham) according to the manufacturer's instruc-
 tions.
RNA gel biot analys'is
   Total RNiA was isolated by the AGPC method (Chomczynski and
Sacchi 1987) with minor modifications, and gel blot analysis was car-
Med out as described by Iuchi et al. (l996) also with minor modifica-
UOns. An aliquot of 30 pg of total RNA was fractionated by electro-
Phoresis on a le/o agarose gel containing formaldehyde and
SUbsequently blotted onto a nitrocellulose membrane. The membrane
blOcked with denatured salmon sperm DNA was hybridized with r'2P-
labeled P5CS cDNA or ERD5 cDNA at 420C overnight. The mem-
brane was washed with lx SSC. 10/o SDS, at room temperature fo.r
5 min and then with O.1Å~ SSC, O.1 O/o SDS at 600C for 20 min.
Results
Oscillation qf'proline c'ontent in light/dai"k (tvc'les
    In Arabidol,sis exposed to salt stress, proline content in-
creased during the first light period and t-700/o of the accumu-
lated proline decreased during the subsequent dark period, as
shown in Fig. Ia. The increase and following decrease of pro-
line content were observed with every period oflight and dark-
ness. The accumulated level of proline gradually increased
with each oscillation after that. At the end ofthe third light pe-
riod under stressed conditions, proline content was three to five
times higher than under the unstressed conditions. However,
the light/dark oscillations of proline level were scarcely ob-
served at 80h after the plant was transferred to the stressed
conditions (data not shown). The oscillation ofproline Ievel in
the lightidark cycles was observed even under unstressed con-
ditions, although the amplitude of' the oscillation under un-
stressed conditions was much leg. s than that under stressed con-
ditions.
    The oscillation of aspartic acid showed a reverse relation-
ship compared v,tith proline. Alanine content increased and de-
creased in light and darkness, as well as proline. The ampli-
tude of the oscillation of alanine and aspanic acid levels
appeared to be independent ofsalt stress (Fig. Ib, c). No evi-
dence ofan intermediate compound, P5C, in proline biosynthe-
sis was detected under any of the conditions studied.
    When plants grown in the lightidark cycles v"'ere trans-
ferred to continuous light conditions without salt stress, pro-
line levels remained constant with only a slight oscillation de-
spite a very large standard deviation (Fig. 1d). Proline levels of
the plants transferred to the continuous dark conditions be-
came undetectable within 20 h.
Expi'ession qfP5CS and ProDH genes
    Fig. 2 shows expression patterns of P5CS and ProDH
genes (Fig. 2A) and immunoblots of P5CS and ProDH pro-
teins (Fig. 2B) in the light/dark cycles. Under the unstressed
conditions, the P5CS gene was much more strongly expressed
during the light periods. It was hardly expressed during the
dark periods. Under the stressed conditions, P5CS gene expres-
sion was clearly observed in the dark as well as the light peri-
ods. ProDH gene expression showed a reciprocal pattern com-
pared with P5CS gene expression. ProDH gene expression was
very clearly observed in the dark but was scarcely observed in
the light periods under unstressed conditions. ProDH gene ex-
pression under stressed conditions gradually diminished in the
light and even dark periods. As shown in Fig. 2B, most protein
expressions were synchronized with their gene expressions,
NaCl stress stimulated the synthesis of P5CS protein, Light/
dark difference in protein levels of P5CS and ProDH became
more evident with time.
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Fig. 1 Fluctuations in the contents ofproline (a and d), aspartic acid,
asparagine (b and e), g]utamic acid and alanine (c and b. Plants were
transferred to O.2 M NaCl stressed conditions (a-c) or continuous light
or dark conditions (d-b at the start of the Iight period, represented as
time O. Open and closed circles indicate sampies in the light and in
darkness, respectively. Open segments and closed segments in the
abscissa indicate the light and dark periods in the grovv'th chamber,
respectively.
Fig. 2 Fluctuations in the mRNA levels (A) and in the protein levels
(B) of P5CS and ProDH under unstressed and the stressed conditions,
L and D indicate samples in the light and dark periods, respectively.
An aliquot of30 pg of total RNA was applied. An aliquot of40 ptg of
crude extract and a total amount in the fixed fraction by gel filtration
chromatography from l mg of crude extract were applied for the
detection of P5CS and ProDH protein, respectively.
ally declined under the continuous light conditions. Under the
continuous dark conditions, ProDH protein was sustained at a
high level throughout the entire experiment. These behaviors of
P5CS protein under continuous darkness and of ProDH protein
under continuous light clearly demonstrated the stability of
each protein in those conditions in vivo.
R PVC andproline accumulation
    RH was monitored in the growth chamber and the RWC
was determined in plant shoots. Where the RHs oscillated be-
tween 34 and 420/o during light and dark periods, the RWCs os-
cillated from 90 to 970/o (Fig. 4). At the same time, proline ac-
cumulated and its level oscillated as well. When the RH in the
LD LD conthuous Light conthuous Dark
    Fig. 3 shows the effrect on the expression of P5CS and
ProDH genes in the lightldark cycles to the continuous light or
dark conditions. P5CS gene expression seemed to be slowly
up-regulated in the continuous light conditions with time. In
the continuous dark conditions, it apparently stopped. We could
not observe any expression of the ProDH gene in the continu-
ous light conditions, but observed a gradual up-regulation of
ProDH gene expression in the continuous dark conditions.
    Immunoblot with anti-P5CS antibody, on the other hand,
showed a steady increase of P5CS protein as well as P5CS
mRNA in the continuous Iight conditions (Fig. 3B). However, a
relatively fast decay of P5CS protein in the continuous dark
conditions was observed. Unlike ProDH mRNA, ProDH pro-
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Fig• 3 Fluctuations in the mRNA levels (A) and in the protein levelS
(B) of P5CS and ProDH in continuous light or continuous darkneSS
under the unstressed conditions. L and D indicate samples in the light
and dark periods, respectively.
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Fig,4 Fluctuation ofRH in the growth chamber and RWC ot'Ar"hi-
dopsis shoot. RHs in the lightldark cycles is represented as closed cir-
cles. RHs in continuous Iight and darkness are represented as open and
gray circles. respectively. RWCs in the light and dark periods are rep-
resented as open and closed segments in the abscissa, respectively. Tri-
angles indicate RWCs in plants exposed to O.2 M NaCl stress.
dark conditions was not as significant as that of P5CS and
ProDH mRNA levels. Furthermore, both P5CS and ProDH
proteins were still detected even when their mRNA levels were
undetectable, since both proteins are more stable in vivo than
their mRNAs. as was described earlier. Therefore, P5CS and
ProDH gene expression levels did not directly affect protine
content.
    The most serious matter to be clarified is a fiuctuation in
P5CS and ProDH activities. The method ofZhang et al. (l995)
was used to try to measure P5CS enzyme activity, using [U-
i4C]glutamic acid; however, no conclusive results could be ob-
tained (data not shown). P5CS activity was inhibited by unde-
fined factors in a crude extract of roots and leaves (Kishor et al.
1995, Zhang et al. 1995) The detection of solubilized ProDH
activity was successfully achieved by Rayapati and Stewart
(1991) from mitochondria. However, the ProDH activity was
lost in the subsequent purification step (Rayapati and Stewart
1991 ). In this study, the method ofRayapati and Stewart (1991)
was moditied using [U-]4C]proline as the substrate and adopt•-
ed for ProDH enzyme assay. ProDH activity was not detecta-
ble.
growth chamber increased considerably, the RWC of plants
grown under the conditions increased also and the amplitude in
the fluctuation of proline content became inverfely smaller.
Over 900/o RH, little proline accumulated and no oscillation
was observed. The RHs under continuous light and dark were
34-420/o, which corresponded to those under Iight and dark pe-
riods, respectively.
Discussion
 Thefluctuation qfproline content
    We observed an increase and a decrease of proline con-
 tent in Arabidopsis during light and dark periods, respectively,
 both under unstressed and early stressed conditions. The oscil-
 lation was more obvious in the stressed conditions than in the
 unstressed conditions, as shown in Fig. 1a.
    As shown in Fig. 2A, P5CS and ProDH genes were recip-
 rocally expressed under lightldark conditions. Peng et al.
 i1996) demonstrated a good correspondence between the tluc-
 tuations ofmeasured proline contents and estimates froin P5CS
 and ProDH gene expression levels. Furthermore, many reports
i indicated the correlation between proline accumulation and
/
, P5CS gene expression as well as proline degradation and
iProDH gene expression (Yoshiba et al. 1995, Kiyosue et al.
l 1996, Peng et al. I996). Together with these reports, we con-
, Cluded that proline content increased and decreased under light
 and dark periods. respectively, and that the oscillation was also
 inVolyed in P5CS and ProDH gene expression levels.
    Protein expressions of P5CS and ProDH were mostly syn-
 ehronized with their gene expressions (Fig. 2). However, the
 tlUctuation in P5CS and ProDH protein levels under the light/
Fhictuation q/'pi'oline, andpi'otein and mRNA levels o,f'P5CS
and ProDH undei' continitous light and darkness
    Ai'ahidopsis grovL•rn in the lightldark cycles were trans-
ferred to conditions of continuous light and darkness, and pro-
line content vv'as meacsured. Undcr continuous light, proline
content remained 2-3 ptnol (g FW) i with only slight oscilta-
tions. The P5CS gene vvras constantly e.xpressed, whereas the
ProDH gene was hardly expressed under continuous light con-
ditions (Fig. 3).
    When P5CS gene expression is apparently stopped under
the continuous dark conditions, its protein is still detected until
32 h, confirming the stability of P5CS protein. ProDH mRNA
vv'as detected only faintly at 8 h after transfNer to the continuous
dark conditions and then gradually increased. Proline content is
reasonably explained by the fluctuation of P5CS and ProDH
gcne expression via their protein expressions, as shown in Fig.
3.
    The serious question that the fluctuations of P5CS and
ProDH mRNA levels and their protein levels are not leading to
that of proline content still remains. Under continuous light
conditions, the P5CS gene was continuously expressed. The
gradual accumulation of P5CS protein was a reasonable obser-
vation because the protein remained stable for 20h. The
ProDH gene was hardly expressed and ProDH protein content
gradually declined, indicating that ProDH protein was more
stable than PSCS protein. These fluctuations of P5CS and
ProDH protein levels should promote proline accumulation.
However, the proline content remained at the same level as in
the light period under the unstressed conditions. as shown in
Fig. Id. At present, an appropriate reason is not given to ex-
plain the discrepancy between measured proline content and
putative proline content from mRNA (or protein) levels of
11OO Oscillation of Pro content in lightld ark cycles
P5CS and ProDH. Recently, Stines et al. (1999) showed that
there was no correlation between the proljne accumulation and
expression patterns of genes and proteins of both enzymes in
developing grapevine fruit and suggested that another physio-
logical factor was responsible in the control ofproline accumu-
lation.
The regztlation q/iP5CS and ProDH gene ex• )pression
    Both P5CS and ProDH gene expression levels in the light!
dark cycles oscillated under the unstressed and the early
stressed conditions, as shown in Fig. 2A. Fig. 3A aiso shows
that the possibility of lightldark regulations for P5CS and
ProDH gene expressions is not ruled out. However, the
promoter analyses of P5CS (Zhang et al. 1995) and ProDH
(Nakashima et al, l998) have not shown evidence oflight regu-
lation.
    What does regulate the lightidark oscillation of P5CS and
ProDH gene expression? The most probable candidate is the
ditTerence in water level of plants between light and dark peri-
ods, as a reverse correlation between leaf water potential and
proline content is well known. Wise et al. (1990) demonstrated
that the leaf water potential fluctuates remarkably in the cycle
of light and darkness. Erdei et al. (1996) showed that the de-
crease in Ieafwater potential in maize and sorghum by O.2 M
NaCl was smaller than that attributable to the light irradiation.
It is expected from these results that the leafwater potential in
Arabidopsis is much lower in the light than in darkness and
that the fluctuation amplitude ofleafwater potential by jight ir-
radiation is larger than that by NaCl treatment.
    In fact, water level (represented as RWC in this study)
was higher in darkness than in light under unstressed condi-
tions. In the early stage ofthe stress conditions, the water level
oscillated as well and gradually decreased. The fluctuation be-
came small as shown in Fig. 4 and finally disappeared (data not
shown). Similarly, proline content increased holding fluctua-
tions in light and darkness with the stress treatment, Proline ac-
cumulation in darkness increased and finally did not decrease
even in darkness. Consequently, it may be concluded that the
oscillation of proline content in the cyc}e of light and darkness
is ascribed to the oscillation ofwater level ofthe plant leaves.
    Ifthe fluctuatjon of proljne level is due to the subtle oscjl--
lation in water level (2-60/o RWC) of the plants, proline accu-
mulation is sensitively regulated with P5CS and ProDH gene
expression. To get clear evidence, direct measurements of the
fluctuation of leaf water potential and the activities of P5CS
and ProDH from plants grown in lightldark cycles are indis-
pensable in future.
Acknowledgements
    We thank Dr. K. Shinozaki and Dr. S. Iuchi, Laboratory of Plant
Molecular Bjology, the Institute of Physical and Chemical Research
(RIKEN) for supplying AtP5CS cDNA and ERD5 cDNA and their an-
tibodies and for guiding the way of RNA gel blotting analysis, respec-
tively. We also thank Mr. M. Adamkiewicz, Department of Plant and
Microbial Biology, University ofCalifornia at Berkeley for reading the
manuscript and improving the English,
Refe rences
Aoki, K. and Wada, K. (1996) Temporal and spatial distribution ot' ferredoxin
  isoproteins in tomato t'ruit. Plant 1)h.vsioL 112: 651K557.
Boyer, J.S. (1982) Plant productivity and environment. Science 218: 443-448,
Bradford, M.M. (l976) A rapid and sensitive method for the quantitation of
  microgram quantities ot' protein utilizing the principle of protein-dye bind.
  ing. AnaL Biochem. 72: 248-254.
Chomczynski, P. and Sacchi, N. (1987) Single-step method of RNA isoiation by
  acid guanidinutn thiocyanate-phenole-chloroform extraction. AnaL Bio-
  ('hetn. 162: 156-159.
Delauney, A.J. and Verma, D.P.S. (1993) Proline biosynthesis and osmoregula-
  tion in plants. Piant J. 4: 215-223.
Erdei, L., Szegletes. Z., Barabas, K. and Pestenacz, A. (1996) Responses in
  polyamine titer under osmotic and salt stress in sorghum and maize seed-
  linss. J. P/ant I'h.us'ioL 147: 599K503.
Goas, G, Goas, M. and Larher, F. (1982) Accumulation of free proline and gly-
  cine betaine in .tlster tripolium subjected to a saline shock: a kinetic study
  related to light period. Ph.i'sioL 1'lant, 55: 383-388.
Greenway, H. and Setter. T.L. (1979) Accumulation ot' proline and sucrose dLir-
  ing the first hours after transt'er ot' Chlorella etnersonii to high NaCl. Aust, J.
  Piant Phi'sioL 6: 69-79.
Hanson, A.D. and Tully, R.E. (}979) Light stirnulation ot' proline synthesis in
  water-stressed barley leaves. Planta 145: 45-5 1 .
Hu. C-A.A., Delauney, AJ. and Verma. D.P.S. (.1992) A bifunctional enzyme
  (Ai-pyrroline-5-carboxylate synthetase) catalyzes the first two steps in pro-
  line biog. ynthesis in plant. Pro('. iVatL Acacl. Sci. USA 89: 9.354-9358,
Igarashi. Y, Yoshiba. Y., Sanada, Y., Yamaguchi-Shinozaki, K., Wada, K, and
  Shinozaki, K. (1997> Characterization ofthe gene for Ai-pyrroiine-5-carbox-
  ylate synthetase and correlation between the expression of the gene and salt
  tolerance in On,za sativa L. Plant A4oL BivL 33: 857-865. .
Iuchi, S.. Yamaguchi-Shinozaki. K., Urao, T. and Shinozaki, K. (1996) Charac-
  terization ot' two cDNAs for novel drought-inducible genes in the highl)'
  drought-tolerant cowpea. J. I'lant Res. 1 ()9: 415-424.
Joyce, P.S., Pale.L.,. L.G. and Aspinall, D. (1984) Thc requirement tbr low-inten-
  g. ity li.L..ht in the accumulation ofproline as a response to ",tater det-icit. J, E.vp,
  Bot, 35: .7.09-218.
Kishor, P.B.K. Hong. Z., Miao, G-H., Hu. C.A.A. and Verma, D.P.S. (1995)
  Overexpression of Ai-pyrroline-5-carboxylate synthetase increases proline
  production and conf'ers osmotolerance in transgenjc plants. Plant PltvsioL
  108:1387-1394.
Kiyosue, T., Yoshiba, Y., Yamaguchi-Shinozaki, K. and Shinozaki, K. (1996) A
  nuclear gene encoding mitochondrial proline dehydrogenase. an enzyme
  involved in proline metabolism. is upregulated by proline but downre.g.ulated
  by dehydration in Arahidop,s'iLy. Plant CeU 8: 1323-1335.
Laemmli, U.K. (I970) Cleava.q.e of structural proteins durin,g. the assembly ot'
  the head ofbacteriophage T4. Natitre 227: 680-685.
LaRosa, P.C.. Rhodes, D., Rhodes, J.C., Bressan, R.A. and Csonka. L,N. (1991)
  Elevated aecumulation of proline in NaCT-adapted tobacco cells is not due tO
  altered Ai-pyrroline-5-carboxylate reductase. 1'lant Ph.vsioL 96: 245-250•
Nakashima, K., Satoh, R., Kiyosue, T., Yamaguchi-Shinozaki, K. and ShinozakL
  K. (1998) A gene encoding proiine dehydrogenase is not only induced bY
  proline and hypoosmolarity, but is also developmentally regulated in the
  reproductive organs of'Arahidopsis. . Plant Ph.i,sioL l 18: 1233-1241.
Nanjo, T., Kobayashi, M., Yoshiba, Y., Sanada. Y., Wada, K., Tukaya, H,, KakU'
  bari, Y.. Yamaguchi-Shinozaki, K. and Shinozaki, K. (1999) Biological funC-
  tions of proline in morpho.g.enesis and osmotolcrance revealed in antisenSe
  transgenic Arahidopsis thaliana. P/antX l8: 185-193,
Peng, Z., Lu, Q. and Verma, D.P.S. (1996) Reciprocal regulation of Ai-pyrrO-
  line-5-carboxylate synthetase and projine dehydrogenase genes controls PrO'
  line leve]s during and atler osmotic stress in plants. AffoL Gen. 6eneL 253i
  334-341.
Rayapati, RJ. and Stewart, C.R. (l99}) Solubi}ization ofa proline dehydroge'
  nasc from rnaize (Zea ma.i's L.) mitochondria. Ptant 1'h.i•sioL 95: 787-791•
















Oscillation ofPro content in lightidark cycles
 Wada, K. (1995) Novel Iight-dark change of proline levels in halophyte
 (Mesembi yanthemum cr vstallinum L.) and glycophytes (Hordeum vulgare L.
 and Triticum aestivum L.) leaves and roots under salt stress. Ptant Cell Phys--
 ioL 36: 965-970.
savoure, A., Jaoua, S., Hua, X.-J., Ardiles, W., Montagu, M. and Verbruggen, N.
 (1995) Isolation, characterization, and chromosomal location of a gene
 encoding the Ai-pyrroline-5-carboxylate synthetase in Arabidopsis thaliana.
 FEBS Lett. 372: 13-19.
stewart, C.R. (1977) Inhibition of proline oxidation by water stress. Plant
 Physiol. 59: 930-932.
stewart, GR. and Lee, J.A. (1974) The role of proline accumulation in halo-
 phytes. Ptanta 120: 279-289.
stines, A.P., Naylor, D.J., HfJ, P.B. and Van Heeswljck, R. (l999) Proline accu-
 mulation in developing grapevine fruit occurs independently of changes in
 the levels of Ai-pyrroline-5-carboxylate synthetase mRNA or protein. Plant
 PhysioL 120: 923-931.
Torello, W.A. and Rice, L.A. (1986) Effects ofNaCl stress on proline and cat-
 ion accumulation in salt sensitive and tolerant turfgrasses. Plant Soil 93: 241-
1101
  247.
Weimberg, R., Lerner, H.R. and Poljakoff-Mayber, A. (1982) A relationship
  between potassium and proline accumulation in salt-stressed Sorghum
  bicolor. PhvsioL PIant. 55: 5-1O.
Wise, R.R., Frederick, J.R., Alm, D.M., Kramer, D.M., Hesketh, J.D., Crofts,
  A.R, and Ort, D,R. (1990) lnvestigation of the limitations to photosynthesis
  induced by leaf water deficit in field-grown sunflower (Helianthus annuus
  L.). Plant Cell Environ. 13: 923-931.
Yoshiba, Y., Kiyosue, T., Katagiri, T., Ueda, H., Mizoguchi, T., Yamaguchi-Shi-
  nozaki, K., Wada, K., Harada, Y. and Shinozaki, K. (1995) Correlation
  betvveen the induction of a gene for Ai-pyrroline-5-carboxylate synthetase
  and the accumulation ofproline in Arabidopsis thaliana under osmotic stress.
  Plant J. 7: 751-760.
Zhang, C.-S., Lu, Q. and Verma, D.P.S. (1995) Removal of feedback inhibition
  of Ai-pyrroline-5-carboxylate synthetase, a bifunctional enzyme catalyzing
  the first two steps of proline biosynthesis in plants. J. BioL Chem. 270:
  20491-20496.










   ,WHAT DOES
STRESS ?
PROTECT POLLEN ANDSPORES FROMDROUGHT
Key words
 Wada, K., Ikeda, Y., Hayashi, E, Murahama, M., Ichino, T.,
 and Sanada, Y.
 Depaitment•of Biology, Faculty of Science, Kanazawa University,
 Kakuma, Kanazawa 920-1192, Japan
: amino acid, drought stress, salt stress, tolerances, water stress, proline
1. Introduction
Environmental stress, especially drought stress, is the most serious problem in plant
growth and erop productivity (1). Many investigations on the responses of plants to the
water stress have so far been performed and reported. As one of the most important
responses, we point out an aocumulation of osmolytes, such as proline, glycine-betaine
and/or polyols, Spinach and Arabidopsis under drought or salt stress conditions, for
instance, aocumulate free amino acid, proline, at a high level reaching to some tens of
mi11imolar concentration in cytoplasm. The outline of regulation on proline aocumulation
in oells exposed to the stress conditions becarne clear in the recent years (cf. ref.2). It is
easily imagined that pollen grains and spores are always exposed to severe drought stress,
even though they might have a extraordinarily protective device on their surface coat, as
they have an extremely 1arge surface area relative to their volume. As shown in Table I,
the ratio of surface area to volume in pollen grains and spores is 1arger by a factor of the
fifth power than that of plum Åíruit. wnat is the protcctant of pollen grains and spores
again,st drought stress ?
   Therefore, we are interested in proline contents of pollen grains and spores. We have
preliminarily ana!yzed the contents of free arnino acids in plant materials obtained in the
field, focusing on pollen grains and spores. in the present paper, we describe the
                                            remarkable results that spores of a
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horsetail, Equisetum arvense, and
pollen grains of an oak tree,
g2uerctts phillyraeoides,
aocumutate remarkable amounts
of free proline and arginine, and
that spores immediately lose
proline during gemiination,
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2. Materials and Metbods
A fem, Osmuncia japonica A, Gray, and a horsetail, Et7uisetum arvense L.,were collected
in the field near the Kakurna campus of Kanazawa University, Pollen grains of an oak
tree, 2urcus phillyraeoides Thunb., were also co11ected on the campus. Green spores
were freshly collected from fertile shoot and a few hundred milligrams of spores were
disrupted in 1 mi of water with a glass homogenizer and incubated in the boilillg water
bath for 5 min. After centrifugation at 3,OOO x g for 5 min, an aliquot of supernatant was
treated with trichloroacetic acid (final 5 qo) to eliminate proteins. The resulting precipitate
was removed by centn'fugation at 15,OOO x g for 10 min. The supematant fraction was
subjected to an amino acid analyzer (IRICA, Kyoto, Japan) after dilution with two
volumes of wateT. Another plant tissues (fertile and sterile shoots) were disrupted by the
sAme way as described above and amino acid contents weTe determined and compared
with each other. -    Osmuncin japottic  green spores were plated on O.8 9o agar containing a thousand-
diluted Hyponex solution (Hyponex Japan, Osaka, Japan) in a 7 cm-diameter schale.
Gametophytes, after germination in the light for the appropriate period, were collected and
washed with water by centrifugation. The packed volume of gametophytes was measured
and disrupted in water with the glass homogenizer. Ainino acid contents were detemiined
as mentioned above.
3. Results
  Amino acid contents in Equisetum arvense sterile shoot were a little high level, comparing
  with those in higher plant leafcells under the unstressed conditions. No amino acid was
; over 1' urfiole per gram fresh weight. Proline contents of steriIe shoot, as shown in Fig.
  IA, was alinost identical with that in higher plant leaf cells (3). in the fertile shoot tissue,
  a quite remarkable pattern of amino acid contents was found as shown in Fig. IB. An
  extTemely high level of glutarnine and very high levels of alanine and 7 -aminobutylic acid
  (Gaba) were detected, unlike the usual planttissues, in spore, as shown in Fig. IC, an
  extTemely high level of argmine was detected and that of proline corresponded to the level
  of the higher plant tissues exposed to the stressed conditions (for example, O.4 M NaCl).
     'As shown in Fig. 2A, the unique pattern of amino acid contents was also found in
  Osmunda J'aponica spores.. Aiginine and proline contents were extremely high and
  corresponded to 3.4 and 1 weight 9o, respeetively, although the contents of other amino
  acids were rather higher than those in the higher plant tissues under the unstressed
  conditions. The contents of free ainino acids in the gametophytes raised from Osmunda
  spores on agar plate in the ligtit were surprising as shown in Fig, 2B. It is evident that
  prOline rapidly decreased Iess than detectable level for 1 week after germination. In the
  contrast with the disappearance of proline, the great amount of glutamine appeared and
  that of arginine slightly decTeased, After culture of gametophytes for 1 month glutamine
  and arginine deereased to half (data not shown).
     C)n the other hand, aniino acid contents ef Quercus pollen grains is shown in Fig. 3.
  The proline content was on the extremety high level, as well as those in spores of ferBs,




















































































Fig. 1 Free amino acid contents ofsterile
shoot (A), fertile shoot (B) and spores
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           Arnino adas eFig. 2 Free amino acid contents of spores
l(A) and gametophytes (B) from afem,
0' smunda J'aponica. Spores were plated on O.8 qo agar for the appropriate period in the
tight and the gametophytes raised were subjected to amino acid analysis.
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          . The early detectable response of plant toward water stress is transcription of!blerarice (3)
,
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gene encoding pynoline-5-carboxylate synthetase (P5CS), involving in proline synthesis
pathway from glutamic acid (4). Proline level accumulated in cells is almost proportional
to the extent of water stress loaded. The relief of water stress brings a rapid decrease of
P5CS gene transcript and proline level. The biodegradation of proline is considered to be
due to proline oxidation system (proline dehydrogenase and P5C dehydrogenase) coupled
with mitochondrial respiration system (2). It is little known, however, that what is the
defmit and real role of the proline accumulation in cytoplasm. We caiTied out the present
expen'ments to develop the new system clarifying the biodegradation of proline
aocumulated in the stressed plant cells.
   The idea that pollen grains and spores must be always exposed to the crisis of drought
stress, could be brought from the fact that small objects have a raIatively large surface area
and that they are easily dried up. All of pollen grains and spores so far tested, showed a
remarkably high level of proline and arginine contents, Interestingly, the aocumulated
proline in spores became undetectable after germination (The relief of dought stress
seems to be Becessary for gerrnination). in contrast with abrupt disappearance ofproline,
arginjne showed the gradual decrease after germination. The gametophytes kept a half
level of arginjne even for one month after germination, Our interest will focus on the
activation of proline degradation system during germination of spores.
5. Svmmary
We hypothesized that spores and pollen grains are always exposed to severe drought
stress, because smail objects have a relatively 1arge surface area. We collected spores
from some different kinds of ferns and pollen grains, and analyzed.free amino acid
contents. It is evident that spores and pollen grains have a remarkably high amount of
proline and arginine. The accumulated proline in spores of a fern, Osmunda japonica,
was quickly metabolized and disappeared, when spores were germinated on the agar plate
in the light. These resutts show that the proline accurnulated in pollen grains or spores
must perform some important role under the drought stress conditions. Pollen grains and
spores could become an important and useful system for demonstrating accumulation and
degradation of proline in the near future.
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